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ABSTRACT

A methodology has been developed for the identification of accident initiating
events and the fault modeling of systems, including common mode identification, as these
methods are applied in overall test reactor risk assessment. The methods are exemplified by
a determination of risks related to a loss of primary coolant flow in the Engineering Test

Reactor.
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TEST REACTOR RISK ASSESSMENT METHODOLOGY
s I. INTRODUCTION

The methods developed and dcscribed herein are intended for use in quantitatively
evaluating the risks of test reactors. Risk is generally defined in the dictionary as the chance
of injury where injury might be construed to mean bodily injury, loss of wages, loss of
property, etc. In terms of accident producing injuries risk can be defined as the product of
an accident occurrence probability and the consequence of that accident (that is, risk equals
accident probability times accident consequence). In reactor safety it has been customary 'to
talk about the probability of accident occurrence in a qualitative sense. For example, the
familiar terms credible, incredible, likely, unlikely, extremely unlikely, and anticipated are
usually used to describe the predicted frequency of accidents. The consequence factor, ou
the other hand, has been subject to the rigor of the scientific approach and, therefore, can
be expressed quantitatively. Unless both factors in the risk expression are quantified, risk
and, therefore, safety must be generally classified as unknown.

The recent Reactor Safety Study (RSS)[ 1] was a comprehensive stqu’ to estimate
quantitatively the risks associated with two large commercial nuclear plants and to compare
those risks with other natural and man-made risks to which the general public is exposed.
The methods used to assess risks by the RSS can be used to evaluate any type of reactor
plant. However, areas exist in which modification and expansion of the methods used by the
RSS is desirable so that the methods can be made more suitable to the evaluation of other
plants. The primary objective of the present study is to develop methods which can be
applied to ERDA-owned test reactors, the intent being to modify and expand the
methodology used in the RSS where needed and to improve the methodology where
improvement is clearly possible. A secondary objective of this study is to demonstrate the
methods which are developed by applying them, on a skeleton basis, to the evaluation of the
Engineering Test Reactor (ETR) at the Idaho National Engineering Laboratory (INEL).

Three major areas exist in which departures have been made herein from the
methods used in the RSS: (a) accident initiating event identification, (b) system fault
model construction, including the treatment of common mode events, and (c) radiological
consequence determination. Accident initiating event identification and system fault
modeling have been subject to development by this study. They are discussed in some detail
in Sections III and IV, respectively. The discussion on fault modeling duplicates somewhat
that contained in Reference 1 because it was believed to be needed in order to facilitate
description of the improved method. Radiological consequence determination was not
subject to methodology development. Standard methods are in use at the INEL for making
these determinations and were used herein to illustrate the risk methods. This alternate
methodology for determining radiological consequences is discussed in Section II. Also in
Section II is an overview of the tasks required to do a risk evaluation.

A few terms are used herein that required definition. These terms are defined in
Section V.



* » A hypothetical' loss of flow- accideént at the ETR was selected to illustrate the
risk assessment techniques. This-sample assessment is described in Appendix A.
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II. RISK ASSESSMENT

The major tasks proposed here for assessing test reactor risks are summarized in
the following discussion. The overall approach is generally the same as that used in the RSS
which is shown in Figure 1. Where departures have been made from that study, they are so
mentioned.. For more detailed discussion regarding the methodology used in that study, the
reader should refer thereto.

1. ACCIDENT INITIATING EVENTS

The first step:in a risk assessment is to identify the accident initiating events
associated with the plant; that is, to identify those events such as loss of coolant or loss of
flow that could result in a radioactivity release[3] if the safety systems provided to cope
with those events did not respond. The accident initiating events selected in the RSS were
those recognized by the Nuclear Regulatory Commission as important to nuclear safety and
events which have evolved over the years from reactor licensing activities and extensive
reactor safety research. The test reactor designs have not been subject to that same research.
Instead, they are precursors to and specifically designed tools used in that research. Major
differences occur in the objectives of the two reactor types and, therefore, their designs; so
the accidents; and risks, could appreciably differ']. And faults occurring in experiments,
which might change from test to test, could change the nature of the risks from experiment
to experiment. Appropriately then, a procedure should be developed which could be used to
systematically identify accident initiating events. Such a procedure has been developed here;
it makes use of the fault tree method to (a) identify all sources of radioactivity within a test
reactor 'facility, (b) identify the barriers which retain that radioactivity, and (c) identify the
mechanisms by which those barriers can fail. The failure mechanisms are the acmdent
initiating events. This procedure is discussed fully in Section III.

2. EVENT TREES

The second step in the procedure is to develop an event tree for each of the
important accident initiating events identified. The event tree is a logic diagram which
depicts all meaningful outcomés, or accident sequences, which result from each applicable
engineered safety feature, either responding or not responding to a given accident initiating
event. For example, typical possible responses to a large pipe break in a power reactor might
be those shown in Figure 2. Each of the systems needed to respond to a pipe break is shown

[a] The scope of this study has been arbitrarily limited to ‘those risks pertaining to
radioactiyity releases.

[b] Some of the major differences between test reactors and large commercial reactors
that could appreciably affect their risk differ\ences are discussed in Appendix B.

3
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Fig. 2 Example event tree diagram.

as a column heading on the event tree, and each of these systems can succeed (denoted by
yes in the example) or fail (denoted by no). Whether a system works or does not work
results in a different sequence. The column headings are ordered according to time and
dependency such that the system to the left must work first, those to the right last;
dependent systems are shown first, nondependent systems are shown last. Logic reasoning is
applied in the construction of the event tree so that meaningless sequences are eliminated.
For example, if the reactor shutdown system does not work, whether or not the emergency
coolant, containment isolation, and containment heat removal systems operate is
immaterial. Thus, a straight line is drawn across columns subsequent to the reactor

shutdown failure. : '

The event tree, in addition to providing a logic diagram of the meaningful
responses to an accident initiating event, serves to identify the systems requiring detailed
analyses and it can be used conveniently to summarize the probability and consequence
values obtained from the study. These values are discussed further. ’

3. SYSTEM FAILURE AND EVENT TREE SEQUENCE PROBABILITIES

Each sequence shown on the event tree has a probability of occurring and results
in a definable radioactivity release. Radioactivity releases and their attendant consequences
are discussed in Section II-4. Sequence probabilities are obtained by combining accident



initiating event occurrence probabilities with probability values for each of the engineered
safety systems identified in the individual sequences. Dependencies between systems
identified in the: sequences must be considered in the computations, and can be done
automatically for cases in which the complete systems fault models can be combined before
the computation is made.

The probability values used in a sequence computation are the probability that the
initiating event occurs and the probability that each of the responding systems is in a failed

state (does not work as shown in Figure 1) when the initiating event occurs (system .

unavailahility).

System failure probabilities are derived by developing detailed fault models of
each of the systems which appear in the accident sequences, applying expcricnce data to
those models, and combining those data according to the logic of the models. Tasks 5, 6,
and 7 of the RSS shown in Figure 1 embody these activities. The RSS found the fault
modeling of systems to be very time consuming and, therefore,costly.So considerable effort
was devoted to streamlining the fault tree methodology, and as a result an abbreviated
approach has been developed and tried which reduces by about one-half the time required
to develop a conventional fault tree model. This modified procedure hqs other advantages
over the conventional fault tree approach in that it provides more visibility of the system
fault modes and their logical interrelationships, modifications are made relatively easy, and
the model can be checked against the system without much difticulty. I'he procedure also
describes a workable approach for the identification of common mode failures which are
readily incorporated into the fault model. This abbreviated fault modeling procedure is
described in Section IV.

4. CONSEQUENCES

As indicated in Section II-3, each accident sequence results in a definable
radioactivity release and ultimnately results in a definable consequence. The RSS, in essence,
determined the release for each sequence (Task 3 in Figure 1). Actually, a large number of
sequences involved similar physical processes and produced similar consequences; thus, the
RSS was able to define a few release categories in which the sequences could be grouped.
‘I'he result was a histogram representing the probability distribution of the release categories.
This histogram was then input to the consequence model. The consequence model, in
essence, then combined each of the values in the histogram with each of the values in
distributions for other important variables until all possible combinations of the values were
considered (Task 8, Figure 1). The result of the calculation was a probability versus
magnitude distribution for each of the consequences: deaths, injuries, long-term health
effects, and property damage. These results were presented in graphical form with the
probability of a consequence equal to or greater than X plotted along the ordinate and
consequence X plotted along the abscissa (Task 9 in Figure 1).



A different approach is used here for dealing with the consequence factor in the
risk expression. Primarily, the release probabilities are not input to the consequence model. -
Instead, the consequence of each sequence is determined independently of the sequence
probability, and the result is multiplied by the sequence probability to obtain a risk value
for that sequence. The probability, consequence, and risk value corresponding to each
sequence is-then summarized on the event tree. (The event tree, Figure A-12; in Appendix A
reflects these values for a loss of flow event at the ETR.)

The radioactivity release terms were obtained by the RSS through use of a
computer code called CORRAL developed in that study. Here a computer code,
RELAP4[2], is used to calculate the fraction of core damage and this calculation, in tum,
provides input to a computer code, RSAC2[3] , which calculates the consequences.

RELAP4 is a thermal analysis code developed by Aerojet Nuclear Company which
describes the behavior of water-cooled reactors subjected to postulated transients such as
loss of coolant, pump failure, or excursions in nuclear power. Inputs to the code describe -
the geometry of the system and initial conditions ; the code calculates as a function of time
fluid conditions (for example, flow, pressure, and quality), thermal conditions (for example,
surface temperatures and temperature profiles), heat fluxes in power generating and
dissipating elements, reactor power, decay heat, and reactivity.

RSAC?2 calculates radiological consequences resulting from reactor accidents.
Input to the computer code generally consists of the reactor core power history, fission
product release data,-and data which describe the meteorology of the site (for example,
release height, inversion height, meteorological diffusion data, wind speed, release rate, and
downwind distance). With fission product dispersion calculated, radiological doses for
hypothetical receptors at predetermined downwind locations are calculated. These
radiological consequences can be expressed in terms of wholebody gamma doses due to
immersion in the radioactive plume or in terms of body organ doses by specific nuclides due
to inhalation. :



III. ACCIDENT INITIATING EVENT IDENTIFICATION

The first step in risk assessment is to select the accident initiating events, that is,
those events that can result in accidents if not checked or mitigated. For this study, thé
events that could lead to release of radioactivity must be found. These events may be
operating errors or hardware failures that are not expected to occur but, should they occur,
may require operator or safety system action to prevent the release of radioactivity. The
potential of these cvents ocourring combined with the potential that the corrective action is
not taken is part of the risk calculation. The consideration of all accident initiating events is
essential for an accurate assessment of risk.

The steps for identifying accident initiating events are shown in the block diagram
in Figure 3. As indicated in the left block, the first step is to state the undesired event, in
this case a radiological release from the reactor facility. This is the release for which the
probability of occurrence and consequence will be determined.

The second step is to determine all possible sources of radioactive material at the
reactor [acility that if released could cause the release staled in Step 1.

Step 3 requires consideration of the plant operating states that can attect the
release magnitude. For example, the release potential will be different if flow blockage
occurs in the reactor cooling system when the reactor is or is not operating.

The barriers that prevent the release of the radioactive material from each
poulential source are determined in Step 4.

The final step lists the accident initiating events. These events are the mechanisms
that can cause the failure of each barrier. Event trees are developed for each of the events
identified in this step as part of the overall risk assessment.

The fault tree method illustrated in Figure 4 is used when Steps 1 through 5 are
pcrformed-in order to logically tic togcther the steps which 1cad to the listing of all accident
initiating events. The statement of the undesired radiological event becomes the top event
for the fault tree. The analyst is then required to determine all possible sources of
radioactive material within the facility that if released could cause the top event to occur.
Information must be obtained about the flow of radioactive material at the reactor site for
the analyst to be able to make this list.

The next level of the tree contains the ‘“‘house” fault tree symbol that is used here
as a switch to ‘““turn on” that part of the tree that should be included and thus allows
investigation of radiological releases of different magnitudes. The analysis can be general or
explicit as to the amount of release; here the amount is kept general because the amount
does not enter into the calculations. This switching ability of the ‘“house” is explained in
Section IV-7.
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If different operating slales affect the magnitude of the rclcasc from a source, the
next level of the tree should distinguish these operating states by using “houses” at the next
fault tree level to switch on or off operating states to be considered or not considered,
respectively, in the analysis.

Before the radioactive material at each source can be released to the environment,
the barriers that contain the material must be penetrated. Each barrier becomes an input to
an “AND gate” on the fault tree. All the barriers for each source must be penetrated before
the release.can occur. ‘ ‘

The accident initiating events are those events that can cause failure of the

barriers. All mechanisms of failure should be considered. The list should be verified by
knowledgeable individuals and by a study of the reactor operating history.

11-



IV. SYSTEM FAULT MODELING

A modified and abbreviated version of the fault tree method is used to determine
system success and failure probabilities where the system, in turn, is related to the overall
risks associated with the plant. Fault tree analysis is a systematic procedure used to identify
and record the various combinations of component fault states that can result in a
predefined undesired state of a system. Unlike the familiar inductive method of first
postulating a component failure mode and then determining its effect on the svstem. fault
tree analysis is an opposite deductive approach whereby the analyst first defines an
undesired system effect and then identifies all the component failure modes that can, by
themselves or in combination with other component failure modes, produce that predefined
undesired system state. A fault tree, as opposed to fault tree analysis, is a result of the fault
tree analysis and is a graphic display of all of the fault modes of a system and the
combinatorial AND and OR logic that relates those fault modes to the predefined undesired
event associated with the system. It is a fault model of the system which, when expressed in
its nonredundant Boolean form, can be used as a probabilistic model to determine an overall
probability of syslem [ailure based on known, or easily éomputed, probabilitiy values for
Individual events shown on the fault tree.

1. SYSTEM FAILURE DEFINITION AND UNDESIRED EVENT

Fault tree analysis begins with a statement of the undesired event. Embodied in
that statement must be the conditions which constitute failure of the system. For example,
the undesired event, “‘insufficient coolant flow through the reactor core when the reactor is
generating heat” is considered. This event statement is a complete logic statement specifying
the requirements for reactor coolant. If a fault tree were to be developed about the
undcsig‘cd event, the analyst would examine all systems, normal opcrating and emcrgency
systems, which deliver coolant to thc rcactor vessel. The analyst may define a more
restrictive undesired event, for example, “insufficient emergency coolant flow when normal
flow is lust™, for which a fault tree is developed tor the auxiliary coolant systems only.

The undesired event examples previously presented are stated rather generally
which in most cases is perfectly acceptable. For example, the word “insufficient” implies
that below some flow value, the system will have failed. Where redundancy has been
provided, however, the generalized statement must be translated into a statement more
specific in order to account for the redundant capabilities of the system. For example, the
statement “‘insufficient coolant flow . . .” might be translated into the more specific
statement “less than two pump coolant flow . . .”” where more than two pumps have been
provided.

The fault tree will be developed about the selected undesired event, and only
events which relate logically to the occurrence of that undesired event will be identified.

12
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Component failures that produce other undesired events: (for example, inadvertent
operation of the system) when loss of flow is of concern will not be identified unless the
particular component failures relate to the occurrence of both undesired events.

The undesired event and all subsequent events shown on the fault tree are binary.
That is, if the event as stated occurs, the system (or component in more detailed parts of the
tree) has failed; if the event does not occur, the system has not failed. Ambiguous or
“maybe” statements are not allowed on the tree. The statement is either true if the
condition exists or false if the condition does not exist.

2. FAULT TREE CONSTRUCTION

Once an undesired event has been defined, a fault tree can be constructed about
that undesired event. To illustrate the procedure, the ETR core deluge system will be used
as an example. First, the top tiers of the fault tree will be constructed using the
conventional method[4»3] ; then the tree will be restructured using an abbreviated approach
developed and demonstrated herein. _

Figure 5 is a simplified schematic of the core deluge system. The system is
comprised of two redundant subsystems, each containing an air-operated block valve which
must open when the system is needed to allow emergency coolant to flow from a source of
coolant to the reactor vessel. The block valve is opened automatically by associated
instrumentation- and controls when the water in the reactor vessel drops below a
predetermined safe level.

2.1 " Conventional Fault Tree Construction

The top event selected for the core deluge system is “insufficient coolant flow
from the core deluge system when the reactor is producing heat and the water level in the
vessel is low”. This event, as shown in Figure 6, is the top event on the fault tree. Since the
“when” statement specifies the conditions under which the fault events to be defined by the .
fault tree produce system failure (Section I1V-7), the top undesired event is translated into
two statements: (a) “reactor producing heat and vessel water level low”, which is shown .
within a house, and (b) “insufficient coolant flow from the core deluge system”, a fault,
shown within a rectangle, which will be developed further. Since there are two subsystems,
either one of which will provide sufficient emergency coolant, the “insufficient coolant
flow from the core deluge system’ statement can be translated into two statements,
“insufficient coolant from core deluge Subsystem A’ and * insufficient coolant from core
deluge Subsystem B”. Both subsystems must coexist in a failed state in order to produce
failure of the system; so an AND gate is used to relate the two subsystem events to the
system event (gate types are discussed in Section IV-4). Thus a system event, a set, has been
transformed into subsystem events, or subsets.
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Insufficient Coolant Flow ‘
from the Core Deluge System
When the Reactor is Producing
Heat and the Vessel Water is

Low
\
]
Insufficient
Reactor ] Coolant Flow
Produc- from Core Deluge
ing Heat System
and Water
Level is
Low
I ]
nsufficient . Insufficient
éoolant‘Flow from Coolant Flow from
Subsystem A Subsystem B
Insufficient Insufficient
Coolant from Coolant from
Pipe 1A Pipe 1B

ANC-A-5847

Fig. 6 Top level fault tree core deluge system.

Next, the subsyStem events are translated into events pertaining to components
within the subsystem. At this level of resolution, each component fault in a subsystem is
enumerated in the subset, but no new levels are established. To enumerate component faults
in an orderly fashion is desirable, and is most easily accomplished by starting with the
subsystem output components and then stepwise examining each upstream component.
That is, to work toward sources of energy is desirable because each succeeding tier of events
on the fault tree results in the preceding or higher tier of events. So the subsystem event
“insufficient coolant from Subsystem A’ is translated into an event related to the output
component of the subsystem, a pipe, which is “insufficient coolant flow from Pipe 1A”.
The Subsystem B event is similarly restated.
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-+ - - Examination of the fault tree'in Figure 7 for output Pipe 1A shows that
“insufficient flow from Pipe 1A’ can be caused by rupture of Pipe 1A, plugging of Pipe 1A,
a higher pressure in the reactor vessel than in the core deluge system, or insufficient coolant
from the upstream-component Check Valve DV-1A. These are all the immediate events

_sufficient and necessary to prevent coolant flow through Pipe 1A,

Development of the fault tree one more step involves examination of the next
"upstream component of the subsystem to determine what can cause “insufficient coolant
flow from Check Valve 1A”. This additional development is shown in Figure 8. “Higher
pressure in the vessel than in the system” would also be a cause for “‘insufficient coolant
flow from Check Valve 1A’; however, this event has already been identified in ‘the
preceding component fault tree development; therefore, it is not restated (further discussion
is provided in Section IV-8 on Boolean reduction for justification). Most component
arrangements in - typical systems are ol Lhe series type as indicated thus far — each
¢omponent output is an input to a succeeding component. Some components have multiple
inputs, and the inputs may relate to the output through AND logic as shown in Figure 9,
OR logic as shown in Figure 10, or a more complex logic arrangement. Figure 11 is one
example of complex inputs. A large number of possible complex logic arrangements occul,
depending on the system and component complexity.

T

Insufficient
Coolant Flow
from Pipe 1A

Insufficient

‘ Hlgher
Pipe 1A Coolant Flow Pressﬁre in Vessel ™
Rupture : from Check than in System
: ) Valve 1A

L

ANC-A-5848

Fig. 7 Fault tree of Subsystem A output component.
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, Check Insufficient Check
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Does not
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v , BCVOO1AD
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Coolant Flow .
from Pipe 2A

L

Check

Valve 1A
Ruptured

BCVOOlAR

Pipe 1A
Valve 1A/ pe 7
) | J ANC-A-5849

Fig. 8 Fault tree development of two single input components in series.

The fault tree is developed in the preceding manner until all components of the
system are identified in their basic fault states. The result is a binary model of the system
which can be reduced to its simplest Boolean form. Failure rates, human error rates, and
appropriate time intervals can be assigned to determine probability values for the
components, subsystems, and the system. The quantification process involves the naming of
events (Event Naming, Section IV-6) and the transferring of all the information contained

events and for computer processing.
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Fig. 9 Typical fault tree structure of component with two inputs related to output by AND logic. )
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Fig. 10 Typical fault tree structure of component with twg inputs related to output by OR logic.

18



'Y

Output

Fault
Component , Input
Failure Faults

C —]

Input 1 : Input 2 and 3
Faults Faults
1 1
Input 2 Input 3
Faults Faults

ANC-A-5852

Fig. 11 Typical fault tree structure of component with complex inputs.

2.2 Abbreviated Fault Tree Construction

Since all basic fault event statements on the conventional fault tree are
subsequently transferred to tables, one way to reduce the fault tree analysis effort is to not
put those statements on the fault tree in the first place. The first step in the abbreviated
method, then, is to enter all basic fault statements directly onto fault summary tables (a
portion of a fault summary table is shown in Table I). Only the event code name, described
in Section IV-6, is shown on the fault tree.
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~ The second step in the procedure is to define a new logic gate, the tabulation OR
gate (described in Section IV-4), to facilitate the listing of event names on the tree rather
than to show named individual event statements within event type symbols as is
conventionally” done. Typically, systems which are evaluated contain a large number of
events that are logically in series when reduced. For example, the fault tree development for
the two core deluge components connected in series (shown in Figure ) is considered. This
development can be restructured as shown in Figure 12, where the code names for basic
input events are listed under a tabulation OR gate, and only the input to the two
components is.identified for further -development. The same.treatment can be applied to
any number of components lugically in series. A completed fault trec for a system would be
typically depicted by a top undesired event, basic fault events listed by code name under
one or more tabulation OR gates, a few input events identified within rectangles which
are inputs to chains of components and inputs to the system, a few house events, and the
logic AND and OR gates used to relate the events. All the other information is contained
in the fault summary tablc.

The abbreviated fault tree procedure has several distinct advantages over the
conventional approach, all of which ultimately reduce the time and effort required to
evaluate a system. Some of the more important of those advantages. can be summarized as
follows: .

(1) Fault trees are readily restructured for each new accident situation.
For example, the loss of flow accident associated with the ETR
might result from any number of pipe ruptures or from failure of
any number of faults in the power circuits' to the primary coolant
pumps. A loss of flow accident resulting from a pipe rupture may
require that the core deluge system respond; whereas, a loss of flow

. accident caused by loss of powcr to the pumps requires that one
of the emergency pumps continues to operate. A fault tree for each of
the situations can be derived from a fault tree constructed for the
gencral case of “loss of flow” by merely excluding on the fault
tree all coded events related to loss of power to the primarypumps in
the first case and excluding ali pipe ruptures, also coded events, in
the second case. The fault statemcnts entered in the fault summary
are not changed. During the course of this study the requircment
for operation of primary coolant pumps changed from two of four
pumps to three of four pumps. The change would have resulted in
a major change to a conventional fault tree; only a few minutes
were needed to change the abbreviated tree.

(2) Component fault modes and their logical relationship to system failure
are more visible on the abbreviated fault tree. A typical system fault tree
developed according to the conventional procedure usually requires 20
‘to 30 large sheets of paper in order to show all the component fault
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Fig. 12 Abbreviated fault tree structure of two components in’ series.

statements. These same component faults usually can be shown on two -
or three 8-1/2 x 11 inch sheets when presented in the abbreviated form.

Because of their reduced size and because of the improved fault mode

visibility of the system, the fault trees are much easier to check.

3) A system evaluation is easier to stage using the abbreviated method.

~ Analysis staging is discussed more fully in Section IV-12.

@ The »abbreviated procedure is more amenable to the treatment of
common mode. This procedure is discussed in Section IV-9.
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“(5) Where formalized reports arc rcquired, most diagrams are supersed;:d by }
tables which require less publication effort.

3. COMPONENT FAULT STATES

A component can transfer to a fault state due to any one of three categories of
causes: primary failure, secondary failure, and command transition. A primary failure is the
so-called “random” failure found in the reliability literature and refers to failure from no
known external causes. A secondary fault results when a component is exposed to an
operational or environmental condition which exceeds the design rating of that component.
A command transition does not involve actual component failure. It simply means that the
component is in the wrong state at the time of inté{est hecanuse it was commanded to that
faulted state by another faulted component, a human error, or in some cases by an
environmental condition.

Most of the data available on nuclear components embody both primary and
secondary causes for failure; therefore, the distinction between the two types of failure is
not made on the fault tree except for the case in which a secondary cause results in multiple
component failures, and the distinction is made in code only. The procedure for screening
secondary failures for common mode failures is discussed in Section IV-9.

4. GATE TYPES

The basic logic gates used in fault tree work are the AND and OR gates. A number
of variations of these basic gate types have been introduced in the literature from time to
time which are used to handle special situations. Shown in Figure 13 are the standard AND
and OR gates and the tabulation OR gate which is introduced here to enumerate a set of -
fault events which are associated with a series arrangement of components. Safety systems
are typically comprised of redundant subsystems each having numerous components
connected in series. A fault tree constructed for one of these systems will have, then, a large
number of OR gates each with several inputs. The advantage of the tabulation OR gate is
that it permits all the fault events within a series arrangement of components to be
tabulated rather than being spread out, sometimes over several pages, within individual fault
symbols connected together by OR gates.

5. TRANSFERS

Most system fault trees, even the abbreviated form discussed herein, may extend
to more than one sheet of paper. To facilitate the extension of a fault tree branch from one
sheet to another, transfers are used as follows:
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Transfer Into Transfer From
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ro-

Fault f ‘Fault
Event Event

'I'he transters are arbitrarily lettered or numbered to facilitate cross reference.

A , ) , - AND GATE

The output event A occurs when

input everits Xl and xz and.xn

coexist,
l ‘i A= Xl . X2 .o Xn (A1l input
- X events .independent)
X ) n
A OR GATE

‘The output 'event A occurs when
any one or more input events
X.. e exist.

12 XZ Xn exist

- ces A=X %X, + ... X (all
[ -' l .'2 n
X X X .input events "independent)
1 2 n :
A ' 'TABULATION OR GATE
¥ | '
"OR ‘ "The output event A occurs when
' " any one or more ‘input events
X o
1 ' Xl, Xy o Xn exist.
*2 CA=X o+ X (All
e | A=X +X, + ... X
. input events independent)
Xn ANC- A- 5854

Fig. 13 Abbreviated fault tree logic: gates'.
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6. EVENT NAMING

In order to facilitate the computer handling of events, each basic input event
(events which are not expanded into their respective-causes) is given a code name. The
identification codes are presented in Tables II through V. Required conditions, or ‘“house”
events, are identified on the rgodél by a four-character naming scheme as follows:

House Events

X H o xx
T T T - | -

I Sequentially Numbered 01-99

Distinguishes House

System (Table II)

Fault Events are given an eight-character name described as follows:
X XX XXXX X

T

-[-—Fault Mode (Table I1I)

L—-—-——-Component Identifier

Component Type (Table IV)

System (Table II)
ANC-A-5855

The component identifier in the code is identifiable (where practicable) with the
name given the component in the facility identification.

Secondary events which are expected to have significant effect on component
failure and are suspect of affecting multiple components (common mode) are‘gi\_/en a
different eight-character name than that described previously. This secondary event cede is
characterized by the type of secondary event and location:

X XXXXXXX

Location

Secondary Type (Table V)
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The potential secondary event location is
best identified by building, room num-
ber within the facility, and cabinet num-
ber if applicable. If all rooms within the
facility are uniquely numbered, the
building number is not needed. -

All events which are unique in
the system must be given a unique name.

An event may appear in more than one -

place on the model or on multiple
models, but if it is the same event in the
system it must be given the same name.

7. REQUIRED CONDITIONS

A system can assume a variety
of possible off, standby, or normal oper-
ational states depending on plant condi-

tions and operational requirements. For -

example, a water pump may be off if the
water level in a tank is high but on if the
water level is low, a diesel generator may
be required to start if the offsite power
fails, or a valve may be required-to close
if a fault has occurrcd in a downstream
component. In fault modeling, inclusion;
by the analyst of the conditions.-upon:
which a systemn or component is required

in the analysis is important. A system:

fault is not considered a tault:unless the
system is required. For example, failure
of.a diésel to.start at-any time other than
when. the, diesel is needed is not a fault
insofar as the analysis is concerned.

Required conditions in a fault
tree analysis can be in the form of
explicit assumptions and the fault tree
constructed accordingly, or the required
conditions..can be incorporated directly
into- the- fault model. The latter is-pre-
ferred because it provides versatility in
the use.of the model. When incorporated

TABLE .11

SYSTEM CODE

2 R 4 H @

System

Surge tank

Core deluge
Demineralizer
Primary coolant
Auxiliary flow
Secondary covlaut
Reactor

Reactor protection
Degassing
Demineralizer

Experiment

TABLE TIII

FAULT MODE CODE

w W o Yo =2 R HXR O M

[\l
(o))

Fault. Mode

Does. not start
Open circuit
Close valve
Does. not- open
Fngaged
Loss. of. function
Disengaged
Does not close:
Leakage
Exceeds limit
No input

Open valve
Plugged

Short to power
Rupture

Short to power



into the model, required conditions are
shown within the “house” symbol. The
“house’ serves as a switch to turn on
those events which are faults when the
required conditions exist and off when
the required conditions do not exist. The
“house” is input into one input of an
AND- gate, and the subtree of faults is
input into other inputs of the AND gate
as shown in Figure 14.

In some situations, to turn on
or off subtrees by connecting the
“house’” to the input of an OR gate is

desirable before going into an AND gatc -

as shown in Figure 15. In this case the
required condition is inverted (stated
negatively) such that when the ‘“house”
statement is true the AND gate is

enabled; when the ‘“house” statement -

is false only the existence of faults
described by the associated subtree
enable the gate. Typically this in-
verted logic arrangement is used in
fault modeling standby redundancy.

The house is also used to de-

scribe mutually exclusive faults, in which
case two ‘“houses”, as shown in Figure
15, are used — one or the other house
can be on but not both at the same time.

The house is also frequently
used to classify faults for which each
fault classification results in a different
consequence. For example, in the evalua-
tion of a reactor containment classifica-
tion of breach areas (faults) according to
size may be desirable as shown in Figure
16. In the computer evaluation of the
preceding fault tree either or both
houses may be turned on depending on
whether the analyst is interested in faults
<2 in.2, >2 in.2, or all faults,
respectively, where the. faults in each

TABLE II1 (contd.)

FAULT MODE CODE

Code Fault Mode
T Test and maintenance outage '
-W Does not actuate
X Operational or maintenance
fault
TABLE IV
COMPONENT TYPE CODE
Mechanical
Components
Code Component
AC Accumulator
AV Vélve, air operated
BL Blower ‘
CD Control rod drive unitA
CP Pipe cap
Ccv Check valve
DL | Diesel
FE Flow element
FL Filter or strainer
GB Cas bottle
GK Seal or gasket
HE Heat exchanger
HV Valve, hydraulic operated
KV Valve, solenoid operated
MV Valve, motor operated
. Nz Nozzle | T
OR Orifice
PM Pump
PP Pipe
PV Pressure vessel
SV Safety valve
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category are listed under 't}_le tabulation
OR gate (described in Section IV-4).

~ 8. BOOLEAN SIMPLIFICATION -

The final process in developing
a fault model of a system to which
probabilislic values can be assipned in-
volvee removing redundancies from the
Boolean expression of the model, usually
by usirg thc PREP or MOCUS computcr
codes!®7]. The analyst can, however,

often save considerable time by the

- applhication of the same process in devel-
oping the fault model in the beginning.
However, the analyst should not neces-
sarily try to reduce the model to its
simplcst Boolcan form as it is bcing
constructed, but . knowledge of how
the model Is simplified will some-
times allow the analyst to construct
the model more efficiently.

The process of reducing a fault
model to its nonredundant Boolean form
requires first that the fault model be
transformed into an algebraic expression
as illustrated by the following example:

X1 X3

A=A, - A

(A] + X)) - (X + X))

(XX, + X)) (X +Xy)

XleX2 + X

xl + X1X2X3 + X1X3

(D

1

TABLE IV (contd.)

COMPONENT TYPE CODE

Mechanical
Components

Electlyelcal
Components

28

Code

TB
TG
TK
TZ

VT
w

Code

- Component

Turbine
Tuhing

Tank
Transmitter
Vent

Valve, relief
Valve, manual

Event not involving
component

Component

Amplifier
Annunciator

Buffer

Battery charger

Bus

Battery

Relay

Actuator. contraller
Cable

Circuit breaker
Capacitor
Comparator
Converter

Current transformer
dc power supply
Diode or rectifier
Fuse

Generator

Ground switch



.

The preceding algebraic expres-
sion contains “AND” and “OR” redun-
dancies which can be removed by using
the following idempotent relations:

A- A=A 2)
A+A=A - 3)
A+ AB =A . 4)

By application of these rela-
tions to algebraic Expression (1), the
model reduces to A = X;. In this
example, the analyst would not expand
X5 and X3 into their respective causes of
failure because the models represented
by those variables would disappear in the
end result.

9. COMMON MODE FAILURES

Single events that fail compo-
nents in two or more redundant systems
or subsystems are common mode fail-
ures. They are events which violate any

_assumptions of independence of redun-

dant systems. Common mode failures
can take the form of design or manufac-
turing defects which emerge as compo-
nent failures in a common time frame;
systematic human errors in the mainte-
nance, testing, or operation of systems;
or unexpected environmental or opera-
tional transients which result in multiple
component failures. S

TABLE IV (contd.)

COMPONENT TYPE CODE

Electrical
Components

Cude
HG
HT
IV
KS
LA
LS
LT
ME
MO
MS
ND
OL
oT
PS .
PT
Qs
SW
TC

. TF

TI
™
WE
00

“Component

Heating element
Heat trécing
Inverter

Lockout switch
Lightning arrester
Limit switch
Light

Meter

Motor

Motor starter
Neutron detector
Overload, thermal
Transformer
Pressure switch
Potentiometer
Torque switch
Hand switch
Temperature controller
Transmitter

Timer

Terminal board
Wire

Event not involving
component

Before any attempt is made to search for common mode failures, the system
fault tree, as constructed in Section IV-2, should be free of any single hardware or human
events that result in system (or multisystem) failure because these failures tend to dominate
over common mode event contributions. In other words, common mode events do not need
to be identified if single component or human events clearly "dominate the system

probability of failure.
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Common mode. failures due to
operational and environmental variables
are usually identified in fault tree analy-
sis by expanding component failure
events into secondary causes for failure.
That is, component failure events are
expanded to show the potential failure
mechanisms which exceed the design
ratings of the components. For example,
the event “Pipe 1'A plugged” In Figurc 8
might bé cxpanded into possible causcs
for failure such as “Pipe 1A plugged due
to freeziig” o1 due to any iumbei of
possible causes depending on the imagi-
nation of the analyst. If, in this example,
freezing can plug Pipe 1A and compo-
nents in the redundant subsystem, freez-
ing would be a potential common mode
failure event. To expand the fault tree
indiscriminately without some real hasls
for doing so, however, into secondary
events can be extremely time consuming
and costly.

The method proposed herein
for treating single environmental causes
for multiple component failures requires,
first, that the analyst determine the
location of each component identified
by the fault tree analysis. The location is
recorded in the column provided in the
fault summary of Table VI. Next he

TABLE V

SECONDARY EVENT TYPE CODE

Code

N X = 2 »n ™ " X R . @© oo

fa]

Event

Freezing

Dust

Earthquake

Fire

Wind

Humidity
Corrosion
Missile

High pressure
Radiation

Steam

High temperature
Flood
'fipe wﬁip or hammer

Proximity

(a]

Z is a code used to indicate

that redundant components,
because of their close proximity,
are subject to a large number

of unknown secondary events not
readily classified. '

examines each component in its operating location to determine: first, whether any of the
secondary events listed as column headings can occur in the component location; and,
second, whether, if a secondary cvent can occur in that location, will the secondary event
cause failure of the component. An estimate of the secondary event occurrence likelihood is
shown in the upper half of the space provided in the fault summary and an estimate of the
likelihood of the secondary event producing component failure is shown in the lower half of
the space provided. These need only be order of magnitude probability estimates and are
usually written -1, -2, -3, . . ., corresponding to probability values of 107! , 10'2, 103 s e e
respectively. The list of secondary events shown in the fault summary column headings is
certainly not complete and should be expanded where appropriate.

. Finally, if there .are secondary events that have' a relatively high likelihood of
occurring and causing component failure, they should be named and treated as additional
component failure events on the fault tree and on the fault summary. The product of these
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Fig. 15 Required conditions incorporated as inverted inputs to AND gate.
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Fig. 16 Classifying faults using the house.

two probabilities, likelihood of occurrence and likelihood of causing failure, should be laige
compared with other secondary events treated in the same manner. Typically, these events
do not take on much significance unless the product is of the order of 10™ and greater. The
procedure for treating common modes can be illustrated by examining Tablevilal, PipelA
uughl rupture due to an earthquake (probability of 103 ), high pressure (10° ""), freezing
(10 ), missiles (10° 2), or pipe whip (10° 1). The likelihoods of these events occurring in the
pipe tunnel are 10'8, 10'8, 10'9, 10'8, and 10'7, respectively. The products of these
probabilities are relatively low (10711, 10710, 10°10, 10710, and 10°8); therefore, they arc
relatively insignificant contributors. Relay 26A is subject to failure by fire (10'2), dust
(10'2), or corrosion (10'3). The likelihoods of fire, dust, and corrosion in Room 211 are
1079, 10'3, and 10'5, respectively. Dust, which has a combined likelihood of occurrence and
causing failure of 1073 , is potentially an important contribution to relay failure; therefore, a
new event, “dust” with a code name D0000211, is entered in the fault summary. The code

[a} The values shown are for illustration purposes only and are not intended .to be
characteristic of ETR. . .
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name is also listed on the fault tree under the tabulation OR gate where the failure modes of
Relay 26A are shown. DO000211 is a unique identifier for “dust in Room 21 1. If in the
process of applying this procedure to other components, and the event name D0000211
appears in other trees or subtrees representing redundant systems or subsystems,
respectively, the event is a common mode event. That is, the event D0000211 would
appropriately affect the nonredundant form of the Boolean expression resulting from one or
more trees containing the event.

10. HUMAN ERRORS

Human errors are relatively high probability events; therefore, human intervention or
human inputs to components are important contributions to the probability of system
failure. Switches, valves, adjustinent pots, and test plugs are only a few of the many
~ components which are subject to normal human input. All potentia] human errors should be
identified on the fault tree at the component where the human intervention takes place. For
example, if the only place a valve can be operated is from a switch in the control room, the
human error event would be associated with the switch in the control room and not the
valve. If the valve can be operated remotely and locally, then the human error fault events
should appear both places.

_ Human errors are generally classified as errors of commission and errors of
ornission[_ 1] Errors of commission are those for which an operator or maintenance man will
act inadvertently with a component of the system (for example, an operator throws the
wrong switch or a maintenance man misadjusts a limit switch). Errors of omission are those
for which the operator forgets to perform a required act (for example, fails to start pump).
The type of human error should be clear in the fault statement. For example, the fault
statement in the fault summary might read, ‘“‘operator forgets to start Pump 1B” for an act
of ommission, or “valve inadvertently closed” for an act of commission.

: 11. TEST AND MAINTENANCE

.System outages due to tests and maintenance and the human errors which can
accompany - test and mainteénance activities can be important contributors to thec risks of
nuclear plants. Most systems associated with test reactors are tested and maintenance is
performed when the reactor is shut down; therefore, test and maintenance outage, as such,
is not an important risk factor. However, where on-line testing and maintenance has been
provided in the design, a system which is redundant can change to a nonredundant system
during the time tests and maintenance are performed unless override features have also been
provided in the design. )

Outage due to test or maintenance is treated on the abbreviated fault model by
showing an additional component fault event on the fault tree and on the fault summary for
any subsystem or portion thereof which is unavailable during test and maintenance.
Although not a fault in the strict sense of the word, outage is treated as a component fault
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with a mode designa[tion “test” or “maintenance” and a fault mode code designation “T”.
Unless each component is tested or maintained separately and at different times, only the
component requiring the longest outage time is shown as a fault time. If each component is
tested or maintained separately and at different times, each component should be treated as
a test and maintenance fault. -

If a valve or other component can be left in the wrong state as a result of a test or

maintenance error, the fault is also shown on the fault tree and is treated as a human error
as discussed in Section IV-10.

12. ANALYSIS STAGING

The abbreviated fault tree analysis described in the preceding section helps the analyst
to stage the analysis effort. That is, he can determine the overall logic structure of complex
systems and multiple systems first before performing a detailed examination of components
within the system. Thus, staging allows the analyst to identify the more important, or
critical, paths of the system without wasting time on details which may, in the end result, be
unimportant. To stage the analysis, the analyst constructs the abbreviated fault tree without
identifying the individual events normally listed under the tabulation OR gate. Instead, each
tabulation OR is treated as a single component until the fault tree is reduced to its
nonredundant Boolean form. Then, only those tabulation OR gates which appear as critical
cut sets in the nonredundant Boolean form are expanded to include individual component
events.

Caution should be exercised regarding the analysis staging just discussed: First, the
tabulation OR gates must be independent of other tabulation OR gates (they should not

‘contain common elements if expanded), and, second, reliance on the importance of

tabulation OR gates resulting from staging can ignore potential significant common mode
events among those individual component fault modes not included, particularly if the
staging effort does not produce single component events that can result in system or
multiple system failure. (In most cases single hardware and single human error events will
dominate over the contribution by any common mode events.)

13. DATA

P

Once all basic fault events have been identified for a system, probability values are
assigned to, or information is provided in order to calculate probability values for, individual
event entries listed in the fault summary, Component failure probabilities are calculated
from failure rates and appropriate time intervals (or cycles if the failure rate is cyclic).
Component failure rates which are time dependent are usually expressed in failures per 106
hours; component failure rates which are related to the number of times the component is
operated are expressed in failures per 106 cycles. For most standby systems a cyclic
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component is usually called upon to operate once; therefore, the failure probability on
demand is also the failure rate (1” is entered in the fault summary time column).

The time intervals used to calculate failure probabilities -for components in
nonoperating standby systems, typical of most safety systems, are the fault duration times.
Usually this duration is the average time during which a fault can exist without being
detected plus the time to repair the component when the system is required to stand by. If a
component failure can only be detected by periodic tests, then the average fault duration
time is one-half the test interval plus any time needed to repair the component. One hour is
usually used as an arbitrary minimum in the calculation if the component status is
continuously monitored. The repair time is the lesser of the times required to actually repair
the component or to return the reactor to a state in which the system is no longer required.

Probability values for individual events shown on the fault summary pertainirig to test

or maintenance outage are determined by taking the accumulated total test or maintenance
outage time and dividing by the time the system is required.

4. QUANTITATIVE EVALUATION OF FAULT MODELS

The evaluation of a fault model basi_cally involves two steps: (a) qualitative analysis
and (b) quantjtative gnalysis.

Qualitative evaluation of fault models is the conversion of the failure logic to its
nonredundant Boolean form. For any individual TOP event of concern, all sets of necessary
and sufficient individual events that cause this TOP failure must be identified. Any set of
necessary and sufticient events is called a ‘minimal cut set. All failure modes of a TOP event
of a system are completely described by the collection of all minimal cut sets. The computer
codes now available, and which are receiving the greatest use -for this type of quahtatlve
evaluation, are PREBI 61 and MoCUSI 71|

-~ The PREP computer code for determining minimal cut sets-allows one of two
ditferent options, deterministic testing and Monte Carlo simulation. The deterministic
testing in theory essentially checks all possible combinations of individual events to
determine whether their failure will result in the TOP event. The Monte Carlo approach
weights the individual events, thus accelerating the process of determining:the minimal cut
sets. However, with the Monte Carlo approach, the analyst can not be sure that all the
minimal cut sets are identified.

The algorithm used in MOCUS to find the minimal cut sets starts with the TOP event
failure and proceeds to the individual failures in order to determine the minimal cut sets.

Basically, the MOCUS algorithm builds a matrix along the following lines:. the fault model

gates: are randomly labeled with a value a;.and the individual events are randomly labeled
with a value b;; the first element in the matrlx is set to the value of a; representing the gate
imme diately under the TOP fa11ure From this point on, the object is to eliminate all the
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gate a; values from the matrix such that only the b; values for the individual events remain.
Each row of the matrix is now a cut set. The rows are then searched to determine the
minimal cut sets.

The inputs to both the PREP and MOCUS computer codes are compatible. For large
component minimal cut sets, the MOCUS code requires much less computer execution time.
Usually the smaller component cut sets consisting of possibly only one, two, or three
individual events describe the majority of the failure modes quantitatively; therefore, either
PREP or MOCUS may be used. : ‘

The qualitative analysis of the fault model thus provides the framework for the
probabilistic or quantitative evaluation. With the modes of failure obtained from the

" qualitiative analysis in the form of minimal cut sets and the reliability characteristics of

individual events, the TOP event or system reliability characteristics can be calculated. The
time-dependent failure rate or hazard rate and the fault duration time for each individual
event completely describes the reliability characteristics necessary for the quantitativé
evaluation of the system. From these minimal cut sets, hazard rates, and fault duration
times, the reliability characteristics associated with system failure or operation can be
calculated. The computer codes now in greatest use to calculate these are KITT!8] and
SAMPLE(!], ' |

The KITT computer code is an application of Kinetic Tree Theory[S] and calculates
the complete spectrum of reliability characteristics. The SAMPLE computer code evaluates
the unavailability for the fault model specified by the minimal cut sets and also calculates
confidence limits for the unavailability.

The input-output for the PREP, MOCUS, and KITT computer codes are totally
compatible. The previously mentioned computer codes are written in FORTRAN IV
for the IBM 360/75 computer. The assumptions and limitations for each code are
given in their documentation.
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7.

V. DEFINITIONS . . -

Accident Initiating Event — A parameter which enters a region where protect1ve
action is required in order to prevent an accident.

Fault — An event which can, either by itself or in combination with other events,
result in a system malfunction.

Failure — A component or system fault which is nonrever51ble that is, repalr is
required. ,

Common Mode Event — An event ongmatmg within or extemal to a system that
causes multiple component or system malfunctions,

D1rect Input — An event WhJCh if it occurs, has a probability of umty of producmg a
failure.

Coupled Input — An event which, if it eccurs, has a probability less than unity of

producing component failure.

Secondary Event — An event which exceeds the design rating of a component.
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APPENDIX A

RISK: ASSESSMENT OF ETR LOSS OF FLOW EVENT

This appendix illustrates the risk assessment methoddlogy by applying it to the
Engineering Test Reactor (ETR) located at the Idaho National Engineering Laboratory. This
assessment is done by progressing through the various steps of a risk assessment using a loss
of forced flow as an example accident initiating event.

1. DISCUSSION OF ETR

The ETR was completed in 1957 to fulfill a demand for more and larger
facilities to provide higher neutron fluxes and more spaces for larger samples than
existed in previous test reactors. Its purpose is to expose samples of reactor fuels;
coolants, and structural materials to intense neutron fluxes produced in or near the
reactor core. The samples are then studied to determine possible changes in their
material properties. Items . that are irradiated in the reactor typically include
comparatively large reactor components proposed for use in other military,
commercial, or. research reactors. When tested, these components are inserted
directly in spaces provided in the core region or in dynamic loops, that is, closed
systems in which a coolant circulates around the experiment. at fl6ws, temperatures,
and pressures that are independent of coolant in the reactor.

The design power level of the ETR is 175 thermal megawatts. The reactor is capable
of producing a maximum thermal neutron flux of 8 x 10! —l‘z— and a maximum
cmé-sec

above-thermal neutron flux of 2.5 x1013 m.ﬁgum A-1 is a simplified diagram of the
ETR. ' : .

Pl

Recently the ETR has undergone major modifications to accept’ the Sodium
Loop Safety Facility (SLSF). One of the purposes of this experiment is to study
the characteristics of fuel element failure propagation in a fuel bundle cooled by
_ liquid sodium as the primary coolant and helium gas as the secondary coolant.

’

. In preparation for ETR operation with the sodium loop, the instrumentation
associated with reactor control and the plant protection system has been improved. In
general, the improvement consists of the replaccment of much of the older vacuum tube
circuitry and mechanical relays with integrated circuitry and other more reliable devices.
The SLSF installation has its own plant protection system whose function is to shut the
reactor down in the event experimental variables exceed predefined limits.
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2. OVERVIEW OF DISCUSSION

The first task considered in the sample risk assessment was to identify all accident
initiating events that might occur which could, in the absence of mitigating action, lead to
uncontrolled release of fission products. This accident initiating event identification analysis
is illustrated in Section 3. The loss of flow accident is discussed in Section 4. Event tree
sequence probabilities were obtained by the evaluation of individual systems which appear
in the sequences. These individual systems evaluations are covered in Section 5 and are
combined for sequences in Section 6. Sections 7 and 8 discuss the analysis needed to
determine the core damage and consequences resulting from each loss of flow sequence.
Finally, the results of the risk assessment are discussed in Section 9.

3. IDENTIFICATION OF ACCIDENT INITIATING EVENTS

The procedure described in the report has been used to identify the accident initiating
events for the ETR. The study is not complete but has been developed as far as necessary to
illustrate the procedure described in the report. The example considers only the events that
would lead to radioactivity releases to the atmosphere. Other energy releases (for example,
steam) were not considered. The top level fault tree showing the logic for the accident
initiating events is shown in-Figure A-2.

3.1 Undesired Radiological Release

A broad statement for the top event of the fault tree was selected so that the
undesired radiological release would include all levels of release. The top event, then,
contains a statement about all possible releases of radioactivity from the ETR.

3.2 Release Sources

All sources of radioactive material at the ETR are shown at the next level of the fault
tree. A release from any one of these sources would result in the undesired radiological
release stated in the top event of the fault tree. Because the ETR is one of several reactors in
the Test Reactor Facility, some storage locations are shared with other reactors. The fault
tree includes all sources associated with the ETR even though shared with other réactors.

"The identification of all sources was .helped by a review of a nuclear material
accountability list in an unpublished monthly report. This report identifies the type,
amount, and location of radioactive material for most of the sources listed on the fault tree.
" Other sources were found by a review of the operating system of ETR.
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3.3 Switches for Release Magnitudes

Because the top event does not specify a specific release magnitude, all levels of
release are included on the tree. The potential magnitude of release from each source has
been assigned as high, medium, or low. If a study of a specific release magnitude were to be
desired, the tree below the desired magnitude statements would be included. For this
example study, the tree for a-release from the reactor core is the only one developed. Each
fault in the diamond symbols would be further developed for a complete study. The switch
function of the house symbol was explained in the methodology section in the body of this
report (Section IV-7).

3.4 Switches for Operating States

When the operating state of the reactor will affect the radiological relcasc, switches arc
provided so that the state under consideration can be analyzed. For this example, only the
state when the reactor is operating has been developed.

3.5 Barriers Preéventing Release

All sources of radioactive material are prevented from release by one or more physical
barriers. The barriers that have to be penetrated before radioactivity is released from the
fuel in the core are the fuel cladding and the primary cooling system. Both barriers have to
be penetrated. The radioactive material in the core is not released if contained by either one.

3.6 Barrier Failure Mechanisms

The next level of the fault tree lists all mechanisms that can cause failure of the
barriers. The failure of the primary cooling system has not been developed in this example
but would include all ruptures of primary system pipe, valves, pumps, . . ., or the reactor
vessel.

All conceivable mechanisms that can cause failure of the fuel cladding are listed at this
level. Of these, only the failure caused by high fuel temperature is developed for this
example. High fuel temperature can be brought about by two general categories of
failure: (a) heat generation in the fuel that exceeds the maximum cooling capacity of the
cooling system, and (b) reduced primary cooling system capacity.

3.7 Accident Initiating Events

-The events that can bring about the two general categories of failure previously
identified are considered to be accident initiating events. Should any of these events occur,
reactor protection systems are required to respond to prevent the release of radioactive
material from one or both of the physical barriers. Further study of the events will lead to
an investigation of all hardware in the reactor systems that can, alone or in combination
with other events, fail and cause a release. This investigation will be done by a systems
analysis as described in Section 5 of the report. For completeness, the list has been
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reviewed by individuals knowledgeable of the ETR systems and their operation. The loss of
coolant flow accident will be developed as an example.

-

4. LOSS OF FLOW ACCIDENT

An event- which causes loss of coolant flow through the reactor is considered
important because it jeopardizes the integrity of the fuel cladding. That is, fuel cladding
temperatures can occur which result in melting of the cladding and, ultimately, to release of
radivuclivity to the atmosphcre. The reactor, when operating at powet, is a source of
considcrable heat which must be constantly dissipated by the flow of large volumes of water
through the flow passages in the core. Under normal operation, this flow is controlled at
about 43,000 gulluns per minute, with a teactor vessel inlet temperature of about 120VF.
The outlet water temperature is maintained at about 1359F. Upon loss of flow and no
goram, the system temperatures will inciease lu a puint al which coolant voiding occurs at
the cladding surfaces. The cladding temperatures then commence to rise rapidly to a point
(about 1,200°F) at which fuel cladding melting occurs.

Upon loss of flow, the plant protective system and the emergency flow system
respond to shut the reactor down and to provide for minimum circulation of coolant,
respectively. The plant protective system responds upon (a) low or high differential pressure
across the reactor, (b) reactor low inlet-to-outlet pressure, or (c) low flow to cause rapid
insertion of all poison control rods into the core. The emergency flow system responds (one
of the two pumps is always running when the reactor is operating) to cause a minimum of
coolant circulation through the core..

The event tree for the loss of forced flow accident in the ETR is shown in Figure A-3.
The event tree is explained as follows:

(1) The ETR event tree starts with the assumption of complete loss
of forced primary coolant flow through the reactor with a
probability of occurrence. of Pl' The first event node, second
column, has two branches that represent whether or not the .
automatic reactor shutdown system is available to scram the
reactor. A probability of P, that the system is not available
(lower branch) to shut down the reactor and a probability of
(1-P5) that it is availabie to shut down the reactor (upper
branch) are assigned. . >

If the PPS fails to respond, and the reactor continuesto operate
at power with no flow of coolant, melting will occur. (The
reactor will produce fission heat until sufficient coolant voiding
occurs to terminate the fission process.) The probability of this
series -of events, .S3, is P; x Py (provided Py and P, are
independent).
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The analysis of the loss of coolant flow accident, selected as the accident initiating
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Fig. A-3 Event tree for loss of flow event.

The second event node, third column, is the availability of the
emergency flow pumps for operation. Either of the two pumps’
will supply sufficient coolant for a short period of time to
prevent voiding after a loss of flow, where one pump is capable

of providing 2,000 gpm coolant flow. The probability of

emergency flow unavailability is designated P3; the availability is
(1-P3). The sequence probability cannot be determined by a

direct calculation of the individual probabilities because the

probability values are not independent.

"Each sequence shown on the event tree produces a consequence

which when multiplied by the preceding sequence probabilities
produces risk values for the loss of flow event.

-

5. SYSTEMS ANALYSIS

loss of-flow accident.

5.1 Primary Coolant System

~ The primary coolant system removes heat from the reactor core and rejects it to a
secondary coolant system which, in turn, dumps it to the atmosphere through coolmg
towers. A number of accident initiating events can stem from the primary coolant system



for example, loss of coolant, loss of coolant flow, loss of primary system pressure,
insufficient heat rejection to the secondary system, . . ., none of which is independent. In
this example risk evaluation, determining the probability and potential consequences of the
loss of flow event is the only concern, and particularly in this section to determine the
probability that a loss of flow will occur at the ETR of sufficient duration to demand a
response by the plant protection and auxiliary flow systems.

5.1.1 System Description. The primary coolant system is comprised of the reactor
vessel, pumps, valves, heat exchangers, and piping arranged as shown in the simplified
diagram, Figute A-4. Coolant flow thiough the reactor ¢ore i§ maintained at the desited level
by series Control Valve P-8 for coarse control, and bypass Control Valve PCV-44 for fine
control. Flow is controlled on differential pressure across the reactor and outiet coolant
temperature. Control Valve P-8 is equipped with mechanical stops which prevent closure
beyond 45 degrees. Control Valve PCV-4-4, it completely open, will not permit sutticient
bypass flow to prevent removal of decay heat with an emergency flow pump (2,000 gpm)
opcrating. Three of four primary coolant pumps will be used for the SLSF tests.

The temperature of the coolant (about 135CF exit temperature at <177 psig
during operation) is sufficiently low at all pressures above atmospheric that a break
in one of the primary coolant pipes will not uncover the core. Also, the elevation
of the piping which enters the vessel is sufficiently high to prevent draining, and
sufficient bypass exists internal to the vessel to prevent any siphoning of water from
the vessel in the event of a primary coolant pipe break.

Primary system pressure is maintained at 177 psig by a degassing system which
constantly removes coolant from the primary coolant system and, after removing any gas,
returns it to the primary system at a constant 177 psig. A surge tank is provided to absorb
any transients which may. occur in the system. A fraction of the primary system flow is
circulated through a demineralizer for removing impurities and maintaining a desired pH.
Relief valves are located on the input manifold of each of the four heat cxchanger banks.

5.1.2 System Anulysis. The primary coolant system was evaluated to idenlify all
events related to the system and dependent systems that could result in loss of forced flow.
Any loss of flow was considered whether affecting a part of the core or the entire core. That
portion of the electrical power distribution system which supplies power to the primary
coolant system was-also included in the analysis.

(1) Assumptions. For the purposes of the analysis the following
assumptions were made and ground rules were established:

(a) The loss of flow accident occurs when the reactor is

operating, and any three of four primary coolant'pumps aré
sufficient and necessary for core cooling .
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Fig. A4, ETR primary coolant system - simplified flow diagram.
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(2)

(3)

(4)

(b) The nature of the faults produces loss of flow but does not
necessarily result in other initiating events; that is, it does
not depressurize the system or does not uncover the core
(The fault tree developed for the system, however,
identifies numerous events that can resull in more Lthan
just loss of flow.).

(c) Once loss of flow occurs, flow is not restored; that is, the
ssquences on the gvent tree are carried to completion. For
example, a valve failure could not be repaired in time to
prevent the . course of an accident initiating event as

. described by the event tree.

(d) The only rosponses to tho accident initiating ovent are
those described by the event tree,

(e) An operating time for the reactor is 720 hours.

Fault Tree and Fault Summary. The fault tree and fault
summary developed for the loss of flow event at the ETR are
shown in Figure A-5 and Table A-I, respectively. Since the
primary system is a normally operating system (as opposed. to an
engineered safety system), numerous single events can occur that
would result in loss of flow. The fault tree identifies a number of
component ruptures that could result in loss of flow. These
ruptures, should they occur, would require a response by the
core deluge system rather than the emergency flow system as

. shown:on the event tree.. That is, a separate event tree would. be

required to reflect the possible sequences resulting from a loss of
flow caused by component ruptures. The rupture events, if’
included, however, would not alter the'quantita.tive’ results
because the rupture prahabilities are small compared: with lnss nf
pumping power and human error events identified in the
analysis.

Data shown in the fault summary, as is the case with other
systems analyzed in this sample risk assessment, were extracted
from the Reactor Safety Stud‘y[A'll .

Drawings. Engineering drawings were used in the analysis of the
primary coolant system. The simplified sketch shown in Figure

A-4 was taken from the drawings.

Data. Failure data used in the evaluation were those contained
in WASH-1400[A-11,
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Fig. A-5 ETR loss of forced flow.
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Fig. A-5 ETR loss of-forced flow-(contd.):,
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Fig. A-5 ETR loss of forced flow (contd.).
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Fig. A5 ETR loss of forced flow (contd.).



TABLE A-I
At —————

LOSS OF PRIMARY FLOW

LS

PRIMARY FAtLURE SECONDARY EVENT (I('J'l)¥
EVENT FAILURE FAILURE FAULT ERROR E‘ ol =] e a =zl = § z
o EVENT COMPONENT O0E RATE OURATION |  FACTOR 3 HEIEEEIE Sizlel=ls LocAvION REWARKS
MEIHHEEFHER MR EHEEE
HEEHE AR EHEHEAEBHEHEE
NEHEBHEBEEHEBEEBHEHEHEHEBE
PIPE
DPPOOOIR PIPE P-1 RUPTURE 10710 720 30 ¢ 1 TUNNEL
PIPE
DPEQOQLP PIPE P-1 PLUGGED 1078 220 300 TUNNEL
. § : PIPE
DPEOOO3R PIPE P-3 RUPTURE 10710 720 30 4 : TUNNEL
: PIPE
DXVOOP3R MANUAL VALVE P-3 RUPTURE 1078 720 10 TUNNEL
- . PIPE
DXVOOP4R MANUAL VALVE P-4 RUPTURE 1078 720 10 TUNNEL
PNEUMATIC -8 . PIPE
DAVPCV4R CONTROL VALVE PCV4 RUPTURE, 10 120 0 : TUNSEL
. PIPE
DPPOCC2R PIPE P-2 RUPTURE 3g70 720, 30 TUNNEL
PIPE
DPPONO2F PIPE P-2 PLUGGED 10710 720 300 TUNNEL
PIPE
DXVOOPSR MANUAL VALVE P-S RUPTURE 1078 120 10 TUNNEL
el PIPE
DXVOOP6R MANUAL VALVE P-6 RUPTURE 108 | 720 10 TUNNEL
. BUTTERFLY CONTROL . 8 PIPE -
| DMVCOPER | VALVE P-8 RUPTURE, 10~ 220 10 TUNNEL
T BUTTERFLY CONTROL 8 - PIPE )
DMVSCPSP VALVE P-8 PLUGGED 10 720 300 TUNNEL
BUTTERFLY CONTROL FAILS -8 . PIPE
DMVOOPSG, VALVE P-8 CLOSED 10 729 300 ] runxm.
- . EXCHANGE
DPPOCDER PIPE P-8 RUPTURE 10720 ] 720 10 BLDG.
- 3
DPPOOOSP PIPE P-8 PLUGGED 10720 720 300 [ : EXBIBHSE
MOTOR OPERATED s COMPRESSOR
DMVOPL1R VALVE P11l |_RUPTURE 10”7 220 100 BLDG.
MOTOR OPERATED 4 COMPRESSO0R
DXVQPL1C VALVE P11 CLOSES 10_ 720 30 BLDG.
10 i B PUMP
DPPOOOYR PIPE P-9 RUPTURE. 10 720 30 CUBICLE
- PUMP
DPPCOLOR PIPE P-10 RUPTURE 10710 720 30 : CUg‘IJ%B
LCVOP16R CHECK VALVE P16 RUPTURE 1078 720 100 i CUBICLE
MOTOR OPERATED 7 PIPE
DMVOP11P VALVE P-11 PLUGGED 10° 1 300 : TUNNEL
7 . < 5 PUMP
DPPO0O09? PIPE P-9 PLUGGED 10 1 300 2 CUBICLE

¥PROBABILITY OF SECONDARY EVENT OCCURRING {UPPER NUMBER)
PROBABILITY OF COMPONENT FAILURE GIVEN SECOND\ARV EVENT (LOWER NUMBERY}
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

PRINARY FAILURE SUCONCARY EVEST (lﬂ")*
EVENT TAILURE FAILURE FAULY ERACR ol =] & o z| 5 4 z
NAME EVENT COMPONENT WDOE RATE BURATION FACTOR HNEE = o : z 5 elcls LOCaTION REMARRS
-1Slal2| 22|52 3 AEE
' gt 8 HEEHE ERREHBEEHHHE
HERHBEHEHEEHEHHEHEBEHEHE
) G PG
DPPOOLOP PIPE P-10 PLUGGEL 1077 1 200 [ w:lﬁvj
DCVOP16P CHECK VALVE P16 RIPTURE 1078 720 200 s CUBICLE
} £ s 5 PP
_ DPMOOBF PUMP B JUTPUT 10 720 19 2 CUBICLE
¥ PUMP
DPMOGOBR PUMP B RIPTURE 10°8 720 100 CUBICLE
PUIP
DPMO00BP PUMP B PLUGGEL 1078 1 100 2 CUBICLE
- : EXCHANGE
DPPOO1IR PIPE 11 RJPTURE 10710 500 10 i g?gg'
k] 1
DCVOP29R CHECK VALVE p2¢ RJPTURE 1008 | 720 10 TUENEL
PIPE
DCVOP29C CHFCK_VALVE P26 zoses | 1977 720 30 TURNEL
_ N EX kﬁﬁcz
DPEQOL1P PIPE P11 PLUGGED 10710 1 300 g LI
- HEAT
- EX E
DPPOOLIR PIPE P12 RUPTURE 1019 920 10 EEQE:
N EXCRANGE
DCVOP30R CHECK VALVE P30 RIPTURE 1078 720 10 SEBET
P_PE
DCVOP30C CHECK VALVE P30 SLOSES 1077 | 920 30 TUMNEL
: g POHP
DCVOP17¢C CHECK VALVE P17 1__CLOSES 1077 730 30 |2 CUB-CLE
NS JFFICIERT s 5 PUMP
DPMOOOBF PUMP_B - JUTRUT 10” 220, 1p "2 CUBZCLE
' 5 POMP
DPMOOOBR PUMP B RIPTURE 108 | 20 100 Z CUB-CLE
- i
DPMOOOBP PUMP B PLUGGED 10°° 1 100 [2 cun-ﬁzz
- N EXCHANGE
BHEDO12P HEAT EXCHANGED 12 $UGGED 1078 1 300 :
HLAT
R - EXCHANGE
DHEGO12R HEAT EXCHANGED 32 RIPTURE 1078 720 100 éﬂﬁg
- EXCHANGE
| DHEOO] 39 HEAT EXCHANGED 13 | P uGcED 1078 1 300 §i§§
- EXCHANGE
DHEOOL13R HEAT EXCHANGED 13 RIPTURE 10 6 720 100 g;ﬁb'
HIRT
EXCHANGE
DHEQO14P HEAT EXCHANGED 14 PIUGGED 1078 1 300 SEBLC
- MR
) ; ] EXCHANGE
BHEOO14K HEAT EXCHANGER 14 RpmwRe - | 108 ! 720 100 SENCE.

¥PROBABILITY OF SECONDARY EVENT OCCUFRING [UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECDNDARY EVENT (LOWER NUMBER]}
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TABLE A-1 (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAILURE SECONDARY EVENT (IO'l)
EVENT FAILURE FALLURE FAULT ERROR E . ol o a z| = é z .
NAME EVERT -COMPONENT WODE RATE DURAT 1ON FACTOR g . : E Il 2w ,-,_ = 5 e E = LOCATION REMARKS
AEHHHEFHEBEEHHBEHEEREHEE
NERHMHEHEHEHEHBEHEEHEEBEE
3 5 PUMP
DP20013P PIPE 13 PLUGGED 10 1 300 2 CUBICLE.
3 5 PUMP
DCYOP1SP CHECK VALVE 15 PLUGGED - 10 1 300, 2 CURICLE
NO _s i3 PUMP
DPMOOOCF PUMP. C OUTPUT 10 720 10 2 CUBICLE
-8 s PUMP
CPMOOOCR PUMP C RUPTURE 10 720 100 W CUBICLE
] . i3 PUMP
DPMOOOCP PUMP C PLUGGED 10'6 1 100 2 CUBICLE
3 PR
DPPOOL4R PIPE 14 RUPTURE 10719 790 30 [2 CUBICLE
L5 PUMP
DCVCPLSC CHECK VALVE 15 CLOSES 1077 1 2300 [2 CU%}{-%B
DHEOOC6P HEAT EXCHANGER PLUGGED 1078 1 300 EXQEQE(}E
-6 EXEHANGE
DHZOO006R HEAT EXCHANGER RUPTURE 10 720 100 5L,
. | -8 : Exgﬁeécz
- DHZ0007P HEAT EXCHANGER PLUGGED 10 1 300 b2
DHZ0007R HEAT EXCHANGER RUPTURE 1008 | 720 100 r_xgge:%«cz
DHEOOCSP HEAT EXCHANGER PLUGGED 1081 300 ”FE'EEP&‘?E
DHEOOOSR HEAT EXCHANGER RUPTURE 10°° | 720 100 EXgHigacE
MOTOR OPERATED 8 PIPE
DMJOP12R VALVE P12 RUPTURE -10 720 100
MOTOR OPERATED . _g PIPE
DMYCPL1R VALVE P11 . RUPTURE 10 720 100 TUNNEL
. °5 PUMP
DCYOP16C CHECK VALVE P16 * CLOSES 10”7 1 300 2 CUlzlgI‘-E
-8 ax*is_‘:cs
DHEGCO9F HEAT EXCHANGER 9 PLUGGED 10 1 300 g Dg.
: -6 . EXCHANGE
DHEGCO9R HEAT EXCHANGER 9 RUPTURE 10 720 100 3;,‘2?'
- \ -8 EXGjis3cE
| pH=0O010P HEAT EYCHANGER .10 PLUGGED 107 1 300 REAT
‘ —6 EXGRANGE
DHZCOLOR HEAT EXCHANGER 10 RUPTURE 10 ‘720 100 BLLG.
- GE
.| DHZ0011P HEAT EXCHANGER 11 _PLUGGED 1078 1 300 D‘Eﬁﬁr
| s BXgigce
DHZOO11R HEAT EXCHANGER 11 RUPTURE 10 720 100 .

‘*PROBABICITV OF SECONDARY EVENT OCCURRING (uPbE‘R ‘NUMBER)

‘PROBABILITY OF COMPONENT.FAILURE GIVEN SECONDARY EVENT [LOWER NUMBER]
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

\ PRIMARY FAILURE SECONIAIY EVENT (lﬂ.‘l*
EVENT FAILJRE FAILURE FaLLY ERROR H a x| = E: x
NANE EVENT CouPaNEN: wo:E RATE ouration | Facton 3 HEEEEE 22lar 2| Location AEWIRKS
THHHEHEEHEESBBEHHERE
HEHNEBHEHEEERHEEHHEEE
MOTOR OPERATED ‘ COMPRES3)R
DMVOP12R’ VALVE 12 RUPTURE 1008 | 720 100, BLDG.
MOTOR OPERATED s \ : TN F?
DMVOPLOR VALVE P10 RUPTJRE 10~ 720 100 BLDG
HOTOR OPERATED % COMPRES 3D
DMVOP10C VALVE P10 CLCSED 10 720 30 BLDG.
_10 5 PUMP
DPPOQL2R PIPE 12 RUPTURE 10 220 10 2 CUBICLE
-10 5 PUMP
DPPOOL3R PIPE 13 RUPTIRE 10 720 10 2 CUBICL.
DCVOP15R PIPE 15 RUPTURE 107100 720 10 EXChaNGE
MOTOR OPERATED ; COMPRES 3D
DMVGP10P VALVE P10 PLUGSED 10” L 300 BLDG.
PUMP
DPPOO12P PIPE 12 P_UGSED 10"7 i 300 CUBICLZ
3 PUMP
DFPOOOYR PIPE P-9 RUPTIRE 1072 720 10 2 CURICLZ
. - s PUMP
PPOOOSP PIPE P-9 PLUGSED 1078 | 220 300 2 CURICIZ:
MOTOR OPERATED
- c "
DMVOP12R VALVE P-12 rupmuren | 1078 | 720 100 o
MOTOR OPERATED s COMPRES 30 T
DMVCP12C VALVE P-12 CLCSES 10~ 720 10 BLDG .
-10 FYdT(lA‘XrT
DPPOOO6R PIPE P-6 RUPTURE 10 720 30 ELDG.
. HEAT .
DPPOOOTR PIPE P-7 RUPTURE 107197 739 30 XCHaNGZ
‘ "8 PUMP
DCVOP17R CHECK VALVE P-1' | RUPTURE 1008 | 220 100 2 CUBICLE
i} MOTCE. OPERATED ; COMPRES3JR]
DMVCP12P VALVE P-12 PLUGSED 10~ 1 300 BLDG.
HOTOR OPERATED COMPRES 50
DMVOPL2R VELVL P-12 RUPTURE 1078 | 720 100 BLLG. "
- 5 PUMP
DPPCCO6P FIFE P-6 PLUGSED 1077 | 720 300 "2 CURICLE.
Excll
DPPOCO7P PIPE P-7 PLUGSED 1077 | 220 300 wnigé-z
_ i
DCVOPL7P CHECK VALVE P-17 | PLUGSED 1077 1 300 = Cipre.
INSURFICIEN g [s PLrP
TPMOOOAR PUMP A QUIBUT 10 120 10 [2 CURICLY
_8 [s PUMP
DPMOOOAR PIMP A RJPTURE 10 720 100 [2 CUBICLE.

¥ pPROBABILITY OF SECONI:)ANV EVENT OCCURRIBG [UP?ER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN *ECONDARY EVENT (LOWER NUMBER)




TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAILURE SECONDARY EVENT (W'.)‘
IVENT FAILURE FAILURE FAULT ERROR ¢ 1. IS z[z| =]z
NANE EVENT COMPONENT WODE RATE QURATION |  FACTOR 3 HEEEEE lzlglzlz Location SEMARKS
NEIMHEEERE ANEEEEHE
HHHEHBHEEHHHHEEHHHEE
MOTCR OPERATED 8 PIPE
DMYOPOIR VALVE P9 RUPTURE 10 720 100 TUNNEL
¥OTCR OPERATED 8 PIFE
DMYOP28P VALVE P28 RUPTURE 10 720 100 TUNNEL
MOTOR OPERATED . 8 PIPE
DMYOP27R VALVE P27 RUPTURE 10 120 10Q TUNNEL,
MOTCR OPERATED " PIPE
DMYCP25R VALVE P25 RUPTURE 10 720 100 TUNNEL
MOTOR OPERATED -8 ) PIPE
DMVOPO9R VALVE P-9 RUPTURE 10 720 100 TUNNEL
OPERATOR ERROR INADVERTENT 3 COMPRESSOE
DHYOPLOX MOV _P-10 CLOSURE 10 1 100 BL
MOTOR OPERATED -4 i PIPE
DMYOP26C VALVE P26 CLOSES 10 720 30 TUNNEL
OPERATOR ERROR INADVERTENT 3 COMPRESSOE
DMYOP26X VALVE P26 CLOSURE 10 1 100 BLDG
PIPE
DPPOO1SR PIPE 15 . ‘RUPTURE 10728 [ 720 30 TUNNEL
-10 5 PUMP
DPPOO16K PIPE 16 KUPTURE 10 720 30 2 CUBICLE
g PUMP .
DCYOP14R CHECK VALVE P14 RUPTURE 1078 720 100 - CUBICLE
MOTOR OPERATED 5 PIPE
DMVOPOYP VALVE P9 PLUGGED 10 1 300 TWNNEL
PIPE
DPPOOISP PIPE 15 PLUGGED 1077 720 100 TUNNEL
7 -6 PUMP
DPPOOL6P PIPE 16 PLUGGED 10 720 100 "2 CUEICLE
g
DCVOP14P CHECK VALVE_ P14 PLUGGED 107’ 1 300 2 CUBICLE
. NO s "5 ] PUMP
DP00ODF PIMP_D FLOW 10 720 10 [2 CUBICLE
3 . 5 PUMP
DPMOCODP PUMP D ‘RUPTURE 10 720 100 [2 CUBICLE
. 6 rs PUMP
DPHO0ODP PUMP D PLUGGED 10 1 100 F2. CUBICLE
- _ 2
DPPOOL7R PIPE 17 RUPTURE 10720 | 720 30 EXEJpC
-7 e PUME
DCVOP14C CHECK VALVE P14 CLOSES 10 720 30 Fo CUBICLE
HOERT
.. EXCHAN
DHEQO3P HEAT EXCHANGER PLUGGED 1078 1 300 ggﬁgcz
_ GE
DHEQO3R HEAT EXCHANGER RUPTURE 1076 720 100 EXGEANC

R

‘#PROBABILITY OF SECONDARY EVENT OCCURRING {UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY ‘EVENT {LOWER NUMBER]}
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

T
PRIMARY TAILURE SECONDARY EVENT (IDI')' ‘
EVENT FAILURE | IFAILURE FAU.T ERROR = i | o a zl 5 é =
NANME EYENT CONPONENT MOOE RATE OURATION FACTOR 3 HEIE ] = = 5 IR RS LOCAVION REMARKS
N HIREE N EIRIHE
HEHHHEHEEHHHHEEHHHEE
HEAT
DEE0004P HEAT EXCHANGER PLUGGED 1078 L 300 %&fm ‘
DHEOOO4R HEAT EXCHANGER RUPTURZD 1078 720 | 100 Egg:f;““ l
DHEGOOSP HEAT EXCHANGER PLUGGED 1078 1 300 HENGE
b4
DHEQOOSR HEAT EXCHANGER RUPTURS 1076 720 100 Eﬁﬁgﬁmz
MOTOR OPERATED 3 . PIPE
D¥VOP12R VALVE P12 PUPTURE 10° 72€ 100 TUNREL
R MOTCR OPERATED 8 |- PIPE
DMVOP11R VALVE P11 EUPTURL 10 72€ 100 TUNNEL
MOTOR CPERATED s PIPE
DMVOP10R VALVE P10 RUPTURL 10~ 720 100 TUNNEL
MOTOR CPERATED 8 PIPE
DMVOP28R VALVE P28 RUPTURE 10 720 100 _TUNNEL
MOTOR OPERATED 8 ) PIPE
DMVOP27R VALVE P27 RUPTURE 10 720 100 N
MCTOR OPERATED N PIPE
DMVOP26R VALVE P26 RUPTURE 107 220 160 TUNNEL
OPERATOR ERROR INADVEREENT 3 COMPRZSSO0g
DMVOPO9X ._MOvV-9 CLOSURE 10° 1 100 BLDG.
MOTCR OPERATED . PIPZ
DMVOP25C VALVE P25 CLOSES 107 220 30 TUNNEL
OPERATOR ERROR INADVERTENT 3 COMPRESS0%
DMVCP25X MOV-25 CLOSURE 207 1 100 BLDG.
OPERATOP. ERROR INADVERTENT 3 COMPRESSO
DMVOP12X MOV P-12 CLOSURE 10 1 100 BLDG
MOTOR OPERATED ;) PIPE
DMVOP28C VALVE P-28 CLOSES 10 720 30 TUNNEL
OPERATOR ERROR INADVERTENT 3 50’;:’;2550"
DMVOP28X MOV P-28 CLOS 10 1 |on :
N OPE INADVE%ENT COMPRESSO:
DMVOP11X MOV P-11 CLOSURS 10'3 1 100 ~ BLDG.
MOTOR OPERATED % PIPE
DMVOP27C VALVE P27 CLOSES 10 220 a0 TUNMEL
OPERATOR ERROR INADVERT INT -3 COMPRESSON
DMVOP27X MOV_P27 CLOSURS 10 1 100 cof BE"
DCAOOOLS PUMP A CABLE 1 SHORT 1077 | 720 10 ELEC_BLDGL.
DCAOOO1B PUMP A CABLE 1 OPEN 1075 220 3 i ELEC- BLDG.
m;o'.t-:ss:i
locaocozs | pive mcame2 | suopr 1’ | 520 10- { ELPG. BLD

#PROBABILITY OF SECONDARY EVENT OCCURRING [UPPEF NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT {(LOWER NUMBER])
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAILURE SECONDARY EVENT (10.'J¥
! g
EVENT FAILURE 1 FAIWRE FAULY ERAOR = a zlzx|>|=z
NANE EVENT COMPONENT WO0E RATE DURATEON FACTOR 5 : E ; '5"' - E zlzlelzls LocatioN . REMIRKS
HHHEHEEEHHBEHHEEE
c|Z|s|alz| g2 E]s{z|=]|3]|2|S|E]|=]|3
= - CUMPKES
_6 5 ] 10
DCAGGO2B PUMP B CABLE 2 OPEN 10 720 3 3 1 ElESqrpl
. ~ 0 = 5
DCAOGO3S PUMP C CABLE 3 SHORT 1w’ | 720 10 -i ELEC. BLDG.
5 5 oo
DCAOCO3B PUMP C CABLE 3 OPEN 1078 | 220 3 1 1 e B
7 5 5 LUHI_I"ghb
.DCAOGCAS PUMP D CABLE 4 SHORT 10° 720 10 1 =1 EL
o = -6 5 :5 LUN o
40004B | . PUMP D CABLE & OPEN 10 720 3 1 1 ELeb BLD
PUMP A ] 6 ; "5 “q 1 ELEC
DCEOCOAB CIRCUIT BREAKER _. OPEN 10 720 30 0 B 5 BLDG
OFERATIW INADVERTENT _3 s “c 1 ELEC.
DCBCOOAX | CIRCUIT BREAKER OPEN 10 1 100 [3 = = BLDG
OPERATIONAL ERROR TNADVERTENT 3 o =5 ) ELEC
XCBADJLX CK_+ BKR ADJUST OPEN 10 1 100 [F Y s BLDG
PUMP B -6 s s, 1 ELEC
DCBOQOBB CIRCUIT BREAKER OPEN 10 720 [+ I Y i) s BLDG
OPERATIONAL ERROR INADVERTERT i g " 1 ELEC
DCEOGOBX CIRCUIT BREAKER OPEN 10 1 100 |5 = s ALDC
PUMP C _6 5 s 1 ELEC
DCBOGOCB CIRCUIT BREAKER OPEN 10 720 30N ) s BLDG.
OPERATIONAL "ERROR INADVERTNET 3 i} = 1 ELEC
DCRCOOCK CIRCUIT BREAKER OPEN 10 1 100 5] =) s BLDG
PUMP D ) -6 s s 1 ELEC
DCEOCODB CIRCUIT BREAKER OPEN 10 720 30711 1 s BLDG
OPERATIONAL ERROR INADVERTENT 3 "5 s 1 ELEC.
DCBOOODX CIRCULT BREAKER D OPEN | 10 1 100 [T "1 "] - BLDG.
13.8KV FREQUENCY 5 - 5 5 1 ELEC.
LREQO818 TRIP RELAY OPEN 10 720 100 7y 1 5 .BLDG.
BUS C INPUT -6 5 5 1 ELEC
LCBOL13CB CIRCUIT BREAKER OPEN 10 720 3 [ 1 S BLDG.
OPERATIONAL ERROR -3 5 5 1 ELEC.
LCBO13CX |  BUC “C' INCCMING CB OPEN 10 1 100 Y 1 5 BLDG
] INCCMING CABLES 6 5 5 1 ELEC.
LCAO13CB TO BUS "C" OPEN 10 720 3 N 1 5 BLDG
INCOMING CABLES _7 s S B ELEC.
LCA013CS | TC BUS "C" SHORT 10 720 10 [ "1 S BLDG
GVERLOAD ON EXCEED 6 s s 1 ELEC
[ LcoLpocy BUS C . LIMIT 10 720 100 M) "1 "5 BLDG,
’ TRANSFORMER 6 [ 5 1 111 TRANSFO!
LOTCOT1R I-1 OPEN 10” 720 a_ |1 1 5 515 ' _YARD
. TRANSFORMER o 6 5 s 1 111 ELEC.
LOTOOT1S T-1 1 _SHORT 10 720 3 1 ST s s1°s ALDG

*PROBABILITV OF SECONDARY EVENT OCCURRING {UPPER NUMBER) -
PROBABILITY OF 'COMPONENT FAILURE GIVEN SECONDARY EVENT {LOWER NUMBER)
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TABLE A-1I (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAILURE SECONDARY EVENT (IO")'
EVENT A LUSE FAILURE FauLt ERROR 2 A0 - slzlels
NaNE EVENT CouPaNEN? ¥00E AAte ousATION |  Facton E] s E) | 2|« E HHEBRE Locatiow Rtmirts
HHHHEHHEHANREREBHEHEE
HNMHEEEHEEHEBHEEHEHEHE
BUS A CIRCUIT 6 s s 1 ELEC.
LCBCOJAB BREAKER 3 OPEN 10 120 30 1"y 1 Y BLDG.
T OPERATIONAL ERROR 3 s s 1 ELEC.
LCEOO3AX BUS A CB 3 OPER 10 1 100 [ 1 s BLDG,
6 5 s B ELEC.
LBSOOOAB BUS A OPEN 10 220 30 |1 1 s,
_7 S s B ELEC.
LBSOOOAS BUS A SHCRT 10 720 30 1 by 5
OVERLOAD ON EXCEEDS 6 |5 s 1 ELEC.
LOOLDOAM BUS A LIMIT 10 220 100 '3 ) s BLDG
TEST REACTOR SWITCEYARD | LOSS OF 5 "5 Fs [ I 111
LSWYARDF | FAULTS CAUSE POWER LOSS | FUNCTION 10 720 100 1 : "5 “<[s SWITCHYARD
. TRIP -6 Ls s 1 ELEC.
LCBO23DB CIRCUIT BRFAKER 23 OPEN 1Q 120 30 1 1 5 BLDGC
OPERATIONAL ERROR .3 “s S 1 ELEC.
LCBG23DX CIRCUIT BREAKER 23 OPEN 10 1 100 ) =) "5 LDG
-6 [ [ 5 Bl ELEC.
LCA023DB CABLE 23 OPEN 10 720 3 1 1 5 BLDG
3 -7 "5 s | 1 ELEC.
LCAD23DS CABLE 23 SHCRT 10 720 10 Fy 1 "5 BLDG
LOAD CIRCUITS EXCEED % S [s 1 ELEC.
LOOLDODM ON BUS D LIMIT 10 720 100 1 1 s BLDG,
: -6 [ s 101 TRANS FORMER
LOTGOT2B TRANSFORMER T-2 OPEN 10 720 3 1 1 sl s YARD
i TRIP 6 5 [s Bl ELEC.
LCBOO3BB CIRCUIT BREAKER § OPEN 10 120 30 1 1 S BLDG
-6 3 s e ELEC.
LBSOOOBB "BUS B OPEN 10 120 30 1 1 5
7 5 5 [1 ELEC.
LBSOOOBS BUS B SHORT 10 120 30 [ [1 5 BLDG,
LOAD CIRCUITS EXCEED -6 15 5 [ 1 ELEC.
LOOLDOBM ON BUS B BIMIT 10 220 100 1 Y 5
OPERATIONAL ERROR 3 B S B ELEC.
LCBOOYBX CIRCUIT BREAKER 9 OPEN 10 1 100 [ 1 5 G
LOSS OF INEL s S [ L 111 )
LOONETS POWER GRID 10 1 30 1 BN 5 [5]s IN:-'ILP‘
DXVOP34C MANUAL VALVE P34 CLOSED 1074 1 3 TUNNEL
OPERATIONAL ERROR INEDVERTENT 3 PIPE
DXVOP34X MANUAL VALVE P34 CLOSED 10! 1 100 TUNNEL
- PIPE.
DXVOP34R -MANUAL VALVE P34 EUPTURE 1078 1 10 TUNNER
PIPE
DXVOP34P MANUAL VALVE P34 muzeep | 1078 | 60 300 TUNNEL
#PROBABILITY OF SECONDARY EVENT OCCJURRING (UPPER NUMBER)
PROBABILITY OF COMPONENT FAILURE GIWWEN SECONDARY EVENT {(LOWER NUMBER)
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAILURE seconoary event (10”")*
EVENT . FALLURE FAILURE FAULS ERROR H a | =| 2| =
MAME EVENT COMPONENT WODE RATE DURATION | FACICR 3 NEEEIRE HEHNEE LOCATION REMARKS
|21 =|2]3)j3|=]= =|8|8|=5|3
HHHEHBEHEEEHEEEHHHE
S|2|afal=|S | Eyafe|=| | 2SS E[=)3
8 PIPE
DPPCC20P PIPE 20 PLUGGED 10 360 300 TUNNEL
-10 PIPE
| BPOG20R PIPE 20 RUPTURE 10 360 30 TUNNEL
PIPE
DORFE14P ORIFICE FE-4-14 PLUGGED 1()_8 1 300 TUNNEL -
8 = EVERG.
DXVCP4OR MANUAL VALVE P40 RUPTURE 10 1 10 = g%gx
- = MERG
= 3 ()
DXVOP41R MANUAL VALVE P41 RUPTURE 10 8 1 10 ») cu .IC%
= VE.
- 3 '
DXVOP36R MANUAL VALVE P36 RUPTURE 10 8 1 10 "2 CURICLE
s G
DXVOP37R MARUAL VALVE P37 RUPTURE 1078 1 10 "2 cu E
. PIPE
DPPOO21R PIPE 21 RUPTURE 10-10 1 30 TUNNEL
‘ 6 PIPE
DPP0021P PIPE 21 . PLUGGED 10 1 300 TUNNEL
- PIPE
DXVD035P MANUAL VALVE P35 PLUGGED 10-B 1 300 TUNNEL
R PIPE
DXVO035R MANUAL VALVE P35 RUPTURE 10-8 1 10 TUNNEL
PIPE
DXVOP31C MANUAL VALVE P31 CLOSED 10_1‘ 1 3 TUNNEL
OPERATIONAL ERROR ) -3 PIPE
DXVCPILX MANUAL VALVE P31 CLOSED 10 1 100 TUNNEL
PIPE
DXVOP3IR . |. . MANUAL VALVE P31 RUPTURE 10_8 1 10 TUNNEL
PIPE
DXVCP31P . MANUAL VALVE P31 PLUGCED 10-8 360 300 _TUNNE],
. PIPE
DPPCO2CP PIPE 20 PLUGGED 10-8 360 300 TUNNEL,
] ) 210 PIPE
DPPCO20R PIPE 20 RUPTURE 10 360 30 TUNNEL
' i PIPE
DYRFEL4P ORIFICE FE-4-14 PLUGGED 10-8 1 300 TUNNEL
8 5 ;IﬂEKb
DXVOP4OR MANUAL VALVE P40 RUPTURE 10 1 10 2 CujR 'giE
N < LRERC
DXVOP41R MANUAL VALVE P41 RUPTURE 10 8 1 10 | 2 CUgME
..5 LR
DXVOP36R MANUAL VALVE P36 RUPTURE 10-8 1 10 . [2 CUBTCLE
s ' EFERG
— 8 L ANE
DXVOP37R MANUAL VALVE P37 RUPTURE 10 1 10 2 [ E

#¥PROBABILITY OF SECONDARY EVENT OCCURRING [UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER)
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TABLE A-I (contd.)

LOSS OF PRIMARY FLOW

PRIMARY FAI_URE

)
SECONDARY EvEr] (10°°)

SYSTEM BY OPERATIONS
PERSCNNEL

EVENT FALLURE FAINURE FAULT ERROR E’ wl o] e a = = E x
NANE EVENT COMPONENT WOOE RASE OURATIIN FACTOR H] N E ] = clalelzls LOCATION RERARLS
a|21=i{2|2I3]=|2 HEIFEE
HEHHEMHEEEEEHEEEBEHEE
) NERENHNEEHEEHEBERBEEBEHEHEE
-10 PIPE
| DPPOO21R PIPE 21 RUPTURE 10 1 30| TUNNEL
8 : PIPE
| DPPOO21P PIPE 21 PLUGGEL 10 By 300 : TIDINEL
- PIPE
DXVC035C MANUAL VALVE P35 - CLOSEL 1074 1 3 TIDNEL
STRUCTURAL FAILURE OF STRUCT - 10 REACTOR
| 63700017 } =~ TH W DIST ! _FATLURE 10 1 300 VESSFL
STRUCTURAL FAILURE OF STRUCT .. 10 REACTOR
€STC0022Z EXPERIMENTAL PIPING FAILURE 10 1 300 VESSEL
SIRLLIT
g : STRUCT. REACTOR
cstooo3z | THE KFPERRCONERGE POP | pamupe | 20710 | 3 360 VESSEL
CORE BLOCKAGE CAUSED BY| STRUCT. -10 REACTOR
GSTCOOLP <rEUEL PLATE WARPAGE FAILURE. 18 1 360 VZESEL
STRUCT. REACTOE.
S -
| GST00052 THE CONTRQL,BOD GUIDE FAILURE 10710 1 300 ' YESSFIL
LURE LE'.LUL&AbLOLAUb'lD i PIPE TUNNEI
rocooorp |  reaPYoREEBAP MRy EHEM | miocxace | 1075 1 100 HX. PLEG.
CORE BLOCKAGE CAUSED -5 s FOMP. BLDG
DOOCOOLX BY DEBRIS LEFT IN BLOCKAGZ | 10 1 100 T2 PUMP_CURIC

#PROBABILITY OF SECONDARY EVENY OCCURRING (UPPER MUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONMDARY EVENT (LOWER NUMBER)




5.1.3 Results. The probability of a loss of flow event occurring in the primary
cooling system was determined through use of the SAMPLE computer code. For this
analysis, the events on the fault summary dealing with rupture of the primary system were
not inctuded. Therefore, the probability given is for an accident involving failure of the
coolant to flow, but the coolant will not be lost from the system.

The fault tree for the primary system was reduced to include on]yl the “significant”
fault events. The “significant” events are those used in the probability calculation. An event
or combination of events having a probability of occurrence of 1 x 10710 s insignificant
when compared with a probability of 1 x 103, Thus, the fault tree was greatly simplified and
the computer analysis time reduced.

The SAMPLE code uses Monte Carlo techniques to determine the system unavailabil-
ity at a given point in time. The time chosen was 720 hours, which is the assumed length of
operating time at the ETR. System unavailability at this tirhe is higher than any other time
during the operating period. Unavailability increases as time increases, and unavailability is
the probability that the stated event exists at the specified time.

The median probability value of a loss of primary flow accident (loss of flow but not
loss of coolant) occurring in the ETR, calculated by the SAMPLE computer code, is 2 x
10'2/operating cycle. The 90% range is 7 x 103 to 1 x 10'1/operating cycle. The median
probability value indicates that about twice in 100 operating cycles, the automatic reactor
shutdown system and emergency flow system are expected to be called upon because of a
loss of flow event at the ETR. '

Four faults resulting from human error are the main contributors to the probability.
Their code names on the fault summary, Table A-I, are LCBO09BX, LCB023DX,
LCB0O03AX, and LCBO13CX. These faults result when electrical circuit breakers are
inadvertently opened manually. Two breakers affect power to the A and C primary pumps
and two affect power to the B and D pumps. Because three primary pumps are required, loss
of two pumps is considered failure of the system. However, at least one primary pump will
continue running following any one of these four faults. The flow from this one primary
pump exceeds the flow from the emergency flow system. This conservative factor has not
. been taken into account in this study.

The ETR Plant Protection System (PPS) provides for the automatic shutdown of the
reactor in the event one or more of the plant or experimental variables exceeds predefined
safe limits. In this analysis failure of the PPS to respond to a loss of flow event is the area of
concern. The equipment in the protection system includes the devices that sense or measure ~
the process variables; the instruments that modify, amplify, and operate on the signals from
these sensors to provide trip signals to logic elements; the logic elements that receive these
trip signals from the instrument channels and provide other trip signals to initiate protective
action when the instrument channel trip signal is generated; and finally, the actuators that

.act directly on the reactor control rod and its release mechanism to provide protective
action.
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5.2.1 System Description. The PPS is a one-out-of-two logic system; that is, it is -

comprised, as shown in Figure A-6, of two logic trains either of which produces scram
action.

Each automatic shutdown logic train accepts up to 20 scram signals monitored by
nuclear and process subsystems or channels. Each channel has its own input buffer, an

amplitude and frequency noise rejection circuit, and a latch or seal circuit. The latched -

scram signal is connected to the 20-input logic train which performs an “OR” function so
that the existence of any one or moare seram signals at cither legic train input produces
scram action. At its output, the output scram signal from the logic train is transmitted to all
ten actuator controllers, one for each actuator. On receipt of a scram signal from the logic
-train of either or both automatic shutdown channels, the actuator controllers switch off
current to rod-holding magnets, thereby releasing the safety rods. The safety rods are
released within 23 milliseconds of receipt of a scram signal at any automatic shutdown
channel input. '

Manual shutdown Channels 1 and 2 can be activated by the reactor operator by push
bulton swilches located on the control console. A manual shutdown is accomplished by
interrupting the ac power to the actuator controllers. Either manual shutdown channel will
cut off the current to the magnets. The safety rods are released within 250 milliseconds
after aclivation voours. '

5.2.2 System Analysis. The plant protective system was evaluated to identify all
events related to the PPS system and its associated subsystems that could prevent reactor
shutdown in the event of loss of forced flow through the reactor during operation at power.
The loss of flow considered was of a magnitude such that partial or complete core melting
would eventually result should the PPS fail.

(1) Assumptions. For purposes of this analysis the following
assuinp Lions were made and ground rules established:

(a) Onc of the ten control iods Leing iuserled into the core is
sufficient to scram the reactor; thus, failure to scram is
defined as failure of all ten safety rods to enter the core
upon a loss of flow signal.

(b) Only three of the twenty input signal variables are most
responsive to a loss of flow event: reactor differential
pressure, reactor inlet/outlet pressure, and emergency
flow. Other protective subsystems response, that is, surge
tank level, neutron level, fission break monitor, . . . , lagthe
selected protective subsystems by several seconds
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’(c) Credit can not be given in the analysis for manual
operation of the PPS because the operator would not
respond quickly enough.

(2) Fault Tree and Fault Summary. The fault tree developed for the
PPS response Lo the loss of flow event and the associated fault
summary which lists each fault event are shown in Figure A-7
and Table A-II, respectively. The fault tree on Sheet 1 of Figure
A-7 was developed to identify event combinations in Logic
‘Irains A and B which could tail to provide scram signals to the
safety rod actuator controllers. No single failures were identified
in this analysis; only combinations of two component failures
were identificd (15 potential fault events in each traln which
must combine with 15 potential tault events in the other train).
These are listed in the fault summary, Table A-II. For the most
part, these event combinations are of relatively low probability
because no common mode failures exist between events identi-
fied in the logic trains.

Sheet 2 of Figure A-7 depicts the fault events within the three .
required protective channels or subsystems: the differential

pressure, the inlet/outlet pressure, and the emergency flow

subsystems. The combinations of events identified in the

channels needed to fail the PPS are higher order cut sets (higher

than the two member cut sets found in the logic train) and,

therefore,were not important contributors to system failure.

(3) Data. Data used to quantify the fault model for the PPS were
* obtained from WASH-1400{A-1] and MIL-HDBK-217B[A-2],

5.2.3 Results. The calculated medlan value of the unavailability of the PPS as it
applies Lo 4 loss of flow event Is 6 x 1078, The upper and lower 90% confidence buunds un
this median.value are 2 x 10 and 2 x 10" 6, respectively.

The principal contributors to this unavailability are transistor faults which could occur
in the logic trains. Faults in the individual scram channels which monitor the various scram
parameters were insignificant contributors because of their logical arrangement on the fault
tree and because of their independence from one another.

5.3 Emergency Flow System

The emergency pumps provide coolant flow through the reactor core in the event of
primary coolant pump loss and for circulation of coolant during normal shutdown. In this
analysis interest is centered about determining the likelihood that the emergency pumping
system will not respond following a loss of forced flow event, that is; interest is centered
about the unavailability of the emergency flow system.
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- TABLE A-II

REACTOR PROTECTIVE SYSTEM FOR 10SS OF FORCED FLCW

PRIMARY FRILURE SECONDAR™ EVYEMT (10..)‘
EYENT FAILURE 1AMLURE FAULS ERROR = @ =| = E = N
NANE EVENT COMPONENT ¥got RATE OURAT:ON |  FACTOR E NEEREEEIE HEHBRIEE LOCATION REWARES
|2l af8] 32|52 slz|El=z12
{LoGIC TRATN HEHEREHEEHEEBEEEHEHEEE
CEANNEL A AID/OR B o el e e e e e e el e e B e R e B
LOGIC A SHIRT A CABINET
| TTRAQQ3Y | TRANSISTOR Q3 E-C 1x 10 12C 10 R-17
10GIC A ] CABIIET
| TRSARGT | RESTCMOR RO6 s |2 x107T  72¢ 10 R=17
LOGIC A oPEN 3 CABINET
| ITRACO2B [  TRANSISTOR Q2 E-C 1 x19 12C 10 N R-1T
LOGIC A : SHOR? _?J CABLIGT
| ITRAOQ2T | TRANSISTOR Q2 B-E 1% 10 12C 10 R=17
LOGC A c1 SHORT 7 ' CABIIET
IICAICIS INTEGRATED CIRCUTT | TC GROUND [ x 10 T2¢ 10 R-17
LOGIC A Ic1 . CABINZT
IICAIC1B INTEGRATED CIRCUIT OPEN 1x10 12¢ 10 : R-17
LOGIC A IC2 | SHORT - . CABIIET
ITCAIC2S | _ TWFEGRATED CIRCUIT _ | TC: GROUMD |1 x'1077] 72€ 10 R-17
10GiC A c3 A CABDIET
IICAICZB INTEGRATED CIRCUTT OPEN 1 x710 12¢ 10 - R-17
TOGIC A 163 SHORT CABINET
TICATC3S INTEGFATED CIRCUIT Tc GROUAD |1 x 107 7ec | 10 i R-17
10GIC A- c3 - - CABINET
TICAICIB INTEGRATED CIRCUIT oPE_ 1x10° 720 10 R-17
: péEs 1oz | . = g CABLIET
IICAFLIN | F & L MODULE (AP) PATSFER LGW L x 10 72¢ 10 3 R-17
TILET DO Rt =3 CAETHET
IICAFLAM ,_MOD PRESS,  [TRANSFER LoW 1 x 1077 720 10 ) R-17
@g . oEIEHIE . =S CABINET
TICAFLIW F & L MODULE \FLOW RANSFER LW 10 120 10 Fs R-17
EXCESSIVE - > CABINET
|_TPTadoOM | AMSS PHOTOTRANSISTOR | CURRETE LT | 720 10 5 R
EXCESSIVE =3 CABINET
IPCAGOOM |  AMSS PHOTOCOUPLER CURREIT 17 120 10 o R-17
FAULTS IN LOW 8P
NETWORK CHAITEL #A
| IPPLAIOR | PRESS. IMPULSE LINES RUPTRE 1077 120 | 30 EL
IPPLAIOP | PRESS, IMPULSE LINFS | PIUGCED 1077 1 30 AL
TNADVERTENT, ?gﬁxm
IEVIALIC BLOCK VALVE cLos! 1976 - 200 _
- TNADVERTENT| P )
| YBYTAL2C | BLOCK VALYE CLOSURE 10° 1 100
TNADVERTENT % %
LIBVIAL3C | BIOCK VALVE = | CLOSUEE 207 1 100

v
#PROBABILITY OF SECONDARY EVENT OCCURRING {UPPER NUMBER)
PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER)
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REACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW

TABLE A-II (contd.)

PAINARY FAILURE SECONDARY EVENT (|U‘l)¥
EVENT FAILURE FAILURE FAuLY ERROR 3 . a x|z 5 z
NAME EVENT COMPONENT MODE RATE OURATION |  FACTOR S s E| 2| 2| | 2 HHEHEE LocaTION PENARKS
' MEHHHEEEEEHAIEBEHEEHE
R HEHHEHEHBEEHEHEHEHE
i TvovERTENT| " TBEE
TBVLALAG BLOCK VALVE CLOSURE 10 1 100 TUIMEL
LEFT o T
| IBELaTdX |  BY-PASS VALVE OPEN 10 1 100 TLEL
: DPTh - 34 FAILS TO ey
IPTLALOF |  PRESSURE TRANSMITIER | FUNCTION 1075 720 30 TYINEL
] . 10SS OF . g-éﬂ
foeraror POWER SUPPLY | puncrroy | 106 720 30 EoCcarRbiE
sch -~3A FAILS TO ] RSB edB. !
_ICALOF SIGNAL COMPARATOR | SCPAM 105 720 30 i
FAILS ) | rsE-€kB,
IRSLALO RESTSTOR, 200. OPEN 10°7 120 30 ]w. c%;%coxx
IAL - 34 FAILS TO RSS EAB.
IAMLATOF ISOIATION AMPLIFTER BUFFER 1075 120 30 l&..R%u&OIE
g
| ICALATOS | INTEPCONUECTING CABIES EHORT CIRCUTT 10-T 20 30 CABIHET
) PSSCh - 34 LOSS OF Py nﬁgré—
TDCLALOF 5. C. _FuncTION | 10 120 30 CARTHET
FLUX RUN FERMIT RELAY FAILS on
ISSTALOC SELECTOR SWITCH CLOSED 1.0 YDRMARD| 50 CONSOLE '
FAULTS IN KIGH &P
KETWORK CHANMEL #A g
1AOR .| 'PRESS. IMPULSE LINES RUPTURE 0.1 720 30 gg%x,
g
| IPPTAHOP | 3 MPUISE LINES PLUGGED 0,1 1 30 TUTEL
“BV4 - 3A - 1H - N g
IBVIARIC BLOCK VALVE CLOSED 1.0 1 100 L
BVG - JA - 2H NgE}
IBVLAH2C BLOCK VALVE CLOSED 1.0 1 100 TGEL
BV - 3A - 30 NgEg|
IBVLAHIC __ BLOCK VALVE CLOSED 1.0 1 100 TUNUEL
BV4 - 3A - 4K ;«gg}
1BVLAHAC BLOCK VALVE CLOSED 1.0 1 100 hEL
) BPV4 - 3A LEFT RUKRT]
| 1BPLadx | BY-PASS VALVE (N.C) | oPEN .| 0.0 1 100 @%ﬁ
. DPT4 ~ 3A iAIngﬁ ) ..
IPTLAHOF N nar| 10.0 720 30 £
o PST4 - 3A TL0ss oF %’r’
IDCLAHTF POWER SUPPLY FUNCTION 1.0 720 30 NS . FLOQ
' SC4 - 3A FAILS TO T ’ RYTENT
L 1oaanor | -S1oNal coMPaARATOR SCRAM 100 | 720 30 as

*PROBABILITY OF SECONDARY-EVENT OCCURRING (UPPER NUMBER]

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER)
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TABLE A-II: (contd.)

REACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW
- ) T
PRIMARY FAILURE SECONBARY EMENT (10°7) I
_ |
EVENT FAILURE IFAtLURE FAuLr ERROR - - ol o] @ - z| =z 4 x :'
AE EVENT COMPONENT ODE wie ouraTion | FacTor 2 NHEEFE HEIMEE LOCATION | REWARKS .
AEHHHEHEEHAEREEHEHEEE :
HEHHEHHEHEHEHEHEHEEEHEEE
TRSTRUMERNT;
FALLS CABINET |
| IRSLAHOF | 2004 OPEN 0.1 220 10 NoRTHCQWS.
1AL ~ 3A FAILS 20 * NET 1
| IAMULAMOF | YSOLATION AMPLIFIER | RUFFEE 10.0 | 720 30 u&%&%g&s_—_
ICALAHOS | INTERCONNECTING CABLES  [SHORT CIRC, 0.1 720 30 CABINET
PSSC 4 - 3A L0SS oF 5
DC §. C, POWER SUPRLY FUNCTICN 1.0 120 30 CABINET
FLUX RUN PERMIT RELS , ON
| SELECTOR SWITCH A 1.0 |Yoemanp| 5o CONSOLE
[Low INLET PRESSURE]
CHANNEL A
PIPE
_ummx_i_ruwszms___xurmu 0.1 220 10 TINNEL:
PIPE
|_IPPMALOP | PRESS. IMPULSE LINES | PLUGGED 0.1 129 30 TLUNNEL,
: 1NACVEETENT] cgggégz w
1BVMALOX BLOCK VALVE CLGSER 100,0 2 100 YL
, INALVELTENT] NRETH:
IDVMALOX DRAIN VALVE OFEN 100.0 2 100
PT4 - 1A FAILS [ NO ‘
ITZMALOF PRESS. TRANSMITTER TG FUNCTION 10.0 7120 30 [ EEL
PTV6 - 1A SHOET ~0 e
IDCMALOS POWER SUPPLY POWER 1.0 129 30 T
ol - 1a T
IPOMALOX | SIGNAL CONDITIONER SETTI6 100.0 1 100 CABINET
PASG - 1A FAILS 70 QUIR
ICMMALOF SIGNAL COMPARATOR FUNCTION 10.0 720 30 CABINET
BZ - P4 - 1A FAILS 70 gﬁ!}"’
| _IBZMALOF | IN_ 10.0 720 30 CABINET
F. R. PERMIT > 3 ON
| 1ssMaroc | TTCH CLOSEY -J00.Q |/DEMAND, 30 o] cm&
INTERCONNECTING SHORT' bi
| ICAMALOS | L CIRCUIK 1.0 120 30
I¥ - P4 - 1A PC VOLTAGE Egﬁﬁ
TOTMALOV 150. TRANSFORMER SEIFT 1.0 720 30 FLOGR
[HIGH INLET PRESSURE]
_CHANNEL A
PIPE
IPPMAHOR | PRESS. IMPULSE LINES RUPTURE 0.1 | 720 30 TUMNEL,

#PRODBABILITY OF SECONDARY EVENT UCCURRIN 3 (UPPEF NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER)
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TABLE A-II (contd.)

REACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW
%
PRINARY FAILURE SECONDARY EVENT (0 )
EYENT FAILURE FAILURE FAULT ERROR - a zlz 4 =
NANE EVENT COMPONENT HODE RATE oumATIiON |  Factor 3 NEHEEEHEIE HERIHE Locarion REVARKS
A EBEHEHEHHIAREEBEEHEHEE
HEHEHEEHEBEEBEHEHEEHHEE
: PIPE
| _IPPMAIIOPI _ PRESS, IMPULSE LINES PLUGGED 0.1 720 30 TUNNEL
T INADVERTENT] P L
IBVMAHCY] BLOCK _VALVE CLOSED___} 100.0 2 100 gbﬁ&k
INADVERTENT| CONSOLE
|__1pyMang DRAIN_VALVE OPEN 100.0 2 100 A58k
PT - 4 - 1A FAILS 1O NORTH
ITZMAHOF, PRESS. TRANSMITTER FUNCTION | 100.0 720 30 FRUSAUE-
PTV - 4 - 1A ABNORMAL chaBIH,
IDCMAHTS POWER_SUPPLY VOLTAGE 1.0 720 30 |_RSS C
PQ4 - 1A b4 chReoke
| TpquaHnx|  STGNAL COND: sz‘fﬁﬂc 100.0 720 100 ESS_CAR
PAS - 4 - 1A FAILS N §§4
[ JCMMANMSFE SIGNAL COMPARATQR T0 SCRAM 10.0 120 30 E ‘E
BZ - P4 - 1A FALES 2 §
| _IRZMAHMOFl  BUFFER AMPLIFIER | LATE 10.0 720 30 ﬁ (5
FLUX RUN PERMIT RIS 7 ON
1SSMAHOC SELECTOR SWITCH falko 100.0 | /DEMAND 50 6 CONSOL
‘ ) i SHORT ST RUMENT
1CAMAHOS|  INTERCONNECTING CABLES | CIRCUIT 1.0 720 30 CABINEIS
: 1Y - P4 ~ 1A DC VOLTAGE 3 cORELEe
TMAHOV| 150. TRANSFORMER SHIFT 1.0 720 30 5 FLOOR
PSV4 - 1A SHORT TO QETH
| ILCMAHCS COMP, PQWER SUPPLY GROUND 1.0 720 30 CABINET.
BZV2 - 1 SHORT TO g
1DCMAHAS D. C. POWER SUPPLY GROUND 1.0 720 30 CABINET
" [LOW EMERGENCY FLOW]
CHANNEL A
PIPE
1PPNALOR) IMPULSE LINES RUPTURE, 0.1 720 30 TUNNEL
* PIPE
| TPPNALOPl . IMPULSE-LINES— PLUGGED 01 720 30 I
. FE - 4 - 14 PIPE
FLOW ORIFICFE PLUGGED Q.1 720 30 TUNNELA
[INADVERTENT PIPE
LXVNALOX VALVE MANTFOLD | CLOSURE 100 |¥p 100 TUNNEL
FT - 4 - 14A FAILS PIPE
17ZNALOF! ‘FLOW TRANSMITTER NCTLON 10 720 30 TUNNEL
FS - 4 - 14A ERRONEOUS ~29)
IPSNALFX) LOW FLOW SWITCH SETTINGS 100 | YDEMAND 50 tet
FAS - 4 - 14A LOW FAILS 10 gg 3
LAVNALOF! FLOW ALARM MODULE FUNCTION 10 720 30 E% .

#PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER]
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TABLE A-II (contd.)

EEACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW

PRIMARY FAILURE SECONDARY EVENT “0'.)'
i 5
EVENT FAILIRE FAILURE FauLt ERROR v o =z =z| 2] =
NaNg EYENT COMPONENT wane RATE oURATION |  FACTOR 3 NEEBEEHEIE Y Locatior REuanxs
2| Elal2]|2|3|=]2 HEHHAE
HEIENHEMEHEEHEEEHBE I HEE
HEHEBHEEHBEOEHEHE HE
FSU - & - 14 A SHORT TO NORTH
| _IDCNALES POWER SUPPLY POWER 1.0 720 30 ; Rﬁiﬂ{ﬁi”
IR FAILS - ORTH
N N e
1psmaLeG]  Low «E{gfﬁlﬁ_ﬁw&& CLOSED 10 220 30 Réga_ﬁﬁ’
PAS - 4 ~"15A FAILS TO | R goi 1_1.'9
1AUNALPF kYRR ASBELE FUNCTION [ 1.0 720 30 é BINEZ'
PSU - 4 - 15A SHORT TO [ " Nonmu
IPSNALPS POWER SUPPLY POER [ 1.0 720 30 8xaife>
FIY - 4 - 14A° VOLTAGE R Oigtl-..;
IPTNALGY ISOLATION TRANSFORMER SHIFT 1.0 720 30 2 ET
FIY - &4 - 13A VOLTRGE GRTH,
I8TNALSY|  ISOLATION TRANSFORMER SHIFT 1.0 720 30 Rz piEn°
RELAYS 1 AMPLIFIZR
| ISSNALFC FLUX RUN SWITCH FAIL CLOSED 10 _|//DEMAND 30 ROOM
INTERCONNECTING SHORT ; i AMPLIFIZR
| _IWRNALOS WIRING CIRCIIT 1.0 720 30 - ROOM

| ISDNALIS/ GE@QEEH&%R OPEN 10 120 30 WR;;;IQ

[Low EMERGENCY FLOW]

CHANNEL B
; PIPE
|_IPPNRLOR! _ IMPULSE LINES | RUPTIRE 0.1 720 30 TUNNEL
] PIPE
IPPNBLOP IMPULSE_LINES PLUGCED 0.1 720 30 TUNNEL
FE - 4 - 14 PIPE
IORNBLOP FLOW ORIFICE - PLUGGED 0.1 720 30 TUNNEL
INADVERTENT i PIPE
LXVNBLOX VALVE MANIFOLD _ .| CLOSIJRE 100__|'/DEMAND 100 TUSNEL
FT - 4 - 143 FAILS YO ‘ PIPE
|__ITZNBLOF| . FLOW TRANSMITTER | FUNGIION 10 720 30 ‘ TUNNEL
FAS - 4 - 14B FAL'3 10 W’I o
ICMNBLOF SIGNAL COMPARATOR FUNCTION 10 720 30 |
FSU - 4 - 14B SHORT TO ‘s?ggaon
| _IDCNBLOS! POWER 1.0 720 30 CABINET
i FIY - & - 4B — DC VOLTAGE ,gg?gu
I$TNBLOV|  ISOLATION TRANSFORMER SHIFT 1.0 720 30 S2aiRg19?
. Tid —Sn*- IR FAILS m g%@ 0)
IRANBLOF ReRRAE S B rer rNcrIon | 1.0 720 30 ‘& 2eifEd
120 - 2 SHORT TO SUTE
IDCNBLOS POWER SUPPLY POWER 1.0 720 30 - aﬁxg'i“
R-28 E.F. R
1SDNBLF$ SEQUENCE DETECTOR OPEN 10 720 30 =

‘PROBABILITV'\OF SECONDARY EVENT DCCURRINS (UPPER NUMBER)
PROBABILITY OF COMPONENT FAILURE GIVEN SECONDAFY EVENT (LOWER NUMBER)



TABLE A-II (contd.)

6L

REACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW
¥
PRIMARY FAILURE SECONDARY EVENT (10 ")
EVENT FAILURE FALLURE FAULT ERROR < a x| x é x
waNE EVENT COMPONERT WODE RATE. DURATION FACTOR E‘ s “’;‘: = ‘f w E g E = _S_ = LOCATION VEMARKS
' . el zl=lal ezl Z1Sl8[2]8
(LoW OUTLET PRESSURE] HHHEEHEHEHHEEHHEE
CHANNEL B
PIPE |
|- LPPMBLOR | 1 RUPTURE 0:1 720 30 EL__
‘ - PIPE |
_IPPMBLOP|  PRESS. IMPULSE LINES PLUGGED 0:1 720 30 TUNNEL '
INADVERTENT cRELEE |
1BYMBLCX BLOCK VALVE _ CLOSURE 100 1 100 FLOOK |
INADVEREENT SOUTH
IDVMBLOX DRAIN VALVE OPEN 100+ 1 100 CPYBBRE |
PT - 4 - 1B FAILS TO Ps%g{g“u
ITZMBLOF PRESS, TRANSMITTER FUNCTION 10. 720 30 QalL
PQ4 - 1B “ & - Soun
IPQMBLOX | SIGNAL_CONDITIONER SETTING 1.0 720 a0 CARINET
PTU4 - 1B SHORT TO RSS
| _IDGMBLIS| POWER SUPPLY & CALISB, GRQUND 1.0 _129 30 CARINET
PASG - 1B FAILS TO Fa
r_I.canSL SGRAM 10 220 30° T
PSV4 - 1B SHORT TO
| IDCQMBLCS| COMP. POWER SUPPLY GROUND 1.0 720 _ 30 CABINET
BZ - P4 - 1B FAILS TO SpuH
IBRIMBLOF 10 220 30 TNET
: BzU2 - 1 SHORT T0 Cé'ﬁg H.
IDCMBLAF | D. C. POWER SUPPLY GROUND 1.0 720 30 CABINET
1Y - P4 - 1B C VOLTAGE SReLH
I0TMELOY 1SO. TRANSFORMER SHIFT. 1.0 _ 720 _ 30
INTERCONNECTING SHORT RSS
|_IWRMBLOS CABLES CIRCUIT 1.0 720 | 30 CABINET
FLUX RUN PERMIT 15 ON
| ISSMBLOC| | Effken 200 |YopMann | sg CONSOLE
[HIGH OUTLET PRESSURE]
. CHANNEL B
PRESSURE PIPE
| - IPPMBHOR' IMPULSE_LINES - RUPTIRE _ 0.1 720 a0
PRESSURE N PIPE
| _IPPMBHOP | IMPULSE 'LINES PLUGGED _0.1 | 720 30 TUNNEL
. INADVERTENT cSouTH
IBVMBHCX BLOCK VALVE CLOSURE 100.0 1 100 ¥e8bR
INADVERTENT | c Jé
IDVMBHOX DRAIN VALVE OPENING 100.0 1 100 P8k
PT - 4 ~ 1B FAILS TO CONSQ
ITIMBHOF | PRESS. TRANSMITTER FUNCTION | 200.0 720 30 FEOhE
PTU - 4 - 1B SHORT TO
‘IDCMBHTS | POWER SUPPLY -& CALIB.. GROUND 1.0 720 30 CABINET

#PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT [LOWER NUMBER}




TABLE A-II (contd.)

REACTOE. PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW

PR WARY FAILURE SECONDARY EVENT (Il‘l")¥
5
EVENT® FAILURE FAILURE FAULT ERROR H el ol o a Z| = - E -
NANE EVENT CONPONENT ucoe RATE DURATION |  FacteR 3 HEBRHEEEH clalelz]s LocaTION MEUARKS
NEINIHEEIBEHEE HEHEEH
HEE R EEEEEEEEHEHEE
. NEHMHBEEHBEHBHEHEHE
) P - 13 TR ST
IPQMBHOX|  SIGNAL CONDITIONE! SETTING w00l 220 30 R
PASL - 1B FAILS TO
ICMMBHSF|  SIGNAL COMPARATOR ‘SCRAM 10.0 | 720 30 NET
: PSU4 - 1B SEORT
IDCMBHCS! _ COMF. PQWER SUPPLY | TO_GROUNL: 1.0 720 10 cﬁigr
EZ - P4 - 1B FAILS TO SokId
|_IBZMEMOF|  BUFFER AMPLIFIER ___} ISQLATE 10} 72 ap GABPET
BZU2 - 1 SHORT - RS
| _IICMBHAS D._C. POWFR SUPPLY T0 GROUNT: ~ 1.0 7120 k{s] gﬁ HAZT
IY - P4 - 1B PC VOLTAGE S
1QTMBHOV 1S0. TRANSFORMER SHIFT 1.0 1 720 30 ABlEzT
INTERCONNECTING SHORT QUIE
IWRMBHOS CABLES CIRCUIT 1.0 720 30 RIT
FLUX RUN PERMIT 's oN
1SSMBHOC SELECTOR SWITCH CLOSED 100.0 |BEMAND 50 CONSOLE
FAULTS IN LOW AP
NETWORK CHANNEL B S
IPPLBLOR| PRESS. IMPULSE LINES RUPTURE,_ 0.1 [ 720 | 30 - SB L
IPPLBLOP| PRESS. IMPULSE LINES PLUGGED 0..! 720 30 ;Bg%n.
INADVERTENT -
IBVLBLOC VALVE MANIFOLD CLOSURE 100 | 720 100 Ak
DPT4 - 3B FAILS TO SOUTL
IPTLBLOF| PRESS: FUNCTION 10 120 30 TURNEL.
PST4 - 3B LO3S OF <5 ChE.
IDCLBLOF POVER _SUPPLY, XIR FUNCTION 1.0 720 | 30 £, Covs
sc4 - 3B FALLS TO g s s
ICMLBLOF SIGHAL COMPARATOR FUNCTION 10 [ 720 30 K0, CES
TAILS
IRSLBLOY RESISTOR, 20Qf OPEN 0.1 220 ap rs;s SA‘:
1A% - 3B FALLS TO R-3C_
IAMLBLO |__BUFFER 10 ] 720 | 130 S EAEs
PSSC4 - 3B 10SS OF L
1DCLBLOF PO 1.0 720 30 E§$
SHORT R-30
| ICALBLOS | ; | CIRCUST 01 | 720 30
FLUX RUN PERMIT oN
| 1sstaLoc| ; 1.0 |/DEMAND 50 CONSOLP
l

#PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER)

PRODABILITY OF COMPONENT FA!I—IJHE GIVEN SECONDARY EVENT (LOWER NUMBER)
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TABLE A-II (contd.)

REACTOR PROTECTIVE SYSTEM FOR LOSS OF FORCED FLOW
PRIMARY FAILURE SECONDARY EVENT (Iﬂ-.)
EVENT FAILURE FAILURE fFAULT ERROR E A wl o] o Zz|l =z 2 z
NANE EVENT COMPONENT WODE RATE DURATIOK FACTOR 3 NEREERIE Slalelzl=z LOCATION REMARKS
=12|=[2]3]3]z]2 =lg|2|z|Z
AR ENREREBEEBEHHEHE
F:gg&NCHIGHE?_PB NRMHMEABHEHRBEBHEHEHEE
SOUTH
| TPPLRBHOR PRESS. IMPINLSE LINES RUPTURE 0.1 120 30, 43%%%1
: .
| _IPPLBHOP|  PRESS. IMPULSE LINES PLUGGED 0.1 720 30 1
INADVERTENT Segh
1BVLBHOC VALVE MANTFOLD CLOSURE 100 720 100 L
DPT4 - 3B FAILS TO PIPE
| IPTLBHOC!  PRESS. TRANSM, | FUNCTION 10 720 30 TK\I"FI
PST4 - 3B LOSS OF iy
|__IDCELBHOF | |_FINCTION 1.0 220 10 cnR_gaus
SC4 ~ 3B FAILS TO 5
| ICMIBHOF|  STGNAL COMPARATOR ¢ 10 220 10 g l.(_§g§s.
FAILS s
IRSLBHOY | RESISTOR, 2008 OPEN 0.1 720 30 §SF§§§5
144 - 3B FAILS TO s
| LTAMUBHOF | BUEFER 10 720 a0 §Bf§'§§$
PSSC4 - 3B LOSS OF s
IDCLBHOF | POWER SUPPLY, S. C. FUNCTION 1.0 720 30 WS
SHORT =
S
| _ICALBHOS | _%ERIT 0.1 720 30 §ﬁ. Eﬁ'ﬁs.
FLUX RUN PERMIT H \ ON
| 1ssiatoc!  SELECTOR SWITCH Efikdn 1.0 |Yomeand | so _CONSOLE

#PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER}

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT {LOWER NUMBER)




5.3.1 System Description:The emergency flow system is comprised of two pumps,
their associated controls, the check valves, manual valves, flow element, and piping
connected in parallel with the primary coolant Pumps A and B as shown in Figure A-4. The
pumps derive power from a battery-backed power source and a diesel power source, both of
which supply power during reactor operations. Either pump, by operator selection, can get
power from either source, and in the event of loss of any one source, a pump will
automatically switch to the other source.

During reactor operations, one pump is normally operating, and the other is on
standby. If the operating pump fails, the standby pump is automatically started. Either
pump can be designated for operation by manual positioning of selector switches.

Either of the two pumps (2,000 gpm each) is capable of providing adequate coolant
01rcu1at10n for the removal of reactor decay heat.

5.3.2 System Analysis. The emergency flow system was evaluated to determine the
probability that either one of the emergency flow pumping systems would not be available
when required to rcspond to a 10ss of primury coolant flow. Included in the analysis were
the instrumentation, controls, and power sources for the pumps.

(1) Assunptions. Tor purposes of thc analysis the following as
sumptions were made and ground rules established:

(a) Emergency Pump 644-64 is the operating pump, and Pump
644-65 is the standby pump.

(b) If either of the pumps operates, it will provide adequate
coolant flow; that is, flow is not dcgraded.

(¢) The primary coolant pumps do not fail in a manner that
would block emergency flow in that particular primary
loop. The emergency coolant must flow through the
primary pumps.

(2) Fault Tree and Fault Summaty. Flgure A-8 and Table A-III are
the fault tree and the fault summary, respectively, developed for
the “loss of emergency flow” event. Numerous single events can
fail the emergency flow system. For the most part these are
relatively low probability events; however, some single events, if
they occur, will result in the loss of flow accident and failure of
the emergency flow systems. These result from some piping and
valves being common to both the primary coolant system and
the emergency flow system. Highly potential common mode
failures occur in the emergency flow control system because
both pumps are controlled from a single control unit,. and cables
associated with both pumps are routed in the same conduit.

82
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Loss of Emergency
Flow when Required

€8

l
Emergency Insufficient
Flow Emergency :
Required Flow :
| | |
Insufficient Coolant Insufficient Coolant Insufficient Emergency .
Flow Due to Reactor Flow Due to Primary Flow Due to Loop -
Internal Faults .| {System Piping  Faults
OR OR .
GST0001Z DPPOOO1R
GST0002Z | DPPO0O1P - | :
GSTO003Z . DPPOOO3R  Insufficient Emergency Insufficient Emergency
GSTO004P DXVOOP4R | Flow from Loop A Flow from Loop B
GSTO0052Z - DXVOOP3R 7
‘DOOO0OOOP DAVPCV4R : .
DPPO0OO2R ‘ ) . .
: DPPO0O0O2P :
i - ' DXVOOP5R
DXVOOP6R - 1 \
DMVOOP8R Faults in | FInsufficient Emergency| [Faults in Insufficient Emergency
. DMVOOPBC Loop A Flow to Loop A Piping | |Loop B Piping |Flcw to Loop B
"CPPOOQ4R Primary L J LPifping
CPPOOOS5R , ‘ ﬁ
CPPQQO4P D12 . D13 D14 D1
. CPPOOOSP '
DMVOOP8P .
ANC-A-5872 -

Fig. A-8 Emergency flow system fault tree.
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Faults 1in
Loop A
Piping

OR

* DHEQQ14P

DMVOPL2R
DMVOP12C
DPPOOO6R
DPPOOOGP
DPPOOOTR
DPPQOO7P
DCVOP17R
DCVOP17P
DCVOP17C
DPPOOOSE
DPPOOOSR
DCVOP30R
DCVOP30C
DHEQO1 2P
DHEGO12R
DHEGO13P
DHEOO13R

DHEOOL4R
DMVOP11R
DMVOP10R
DMVOPOYR
DMVOP27R
DMVOP26R
DMVOP25R
DMVOP12X
DMVOP28C
DMYQP 28X

Insufficient Emergency
Flaw to Loop A Piping

[

Faults in

Piping

Emergency Loop

DXVOP31C
DXVOP31X
DXVOP31R
DXYOR31P
DPPOQ20P
DPPQQ20R

DXVOP41R
DXVOP36R
DXVOP37R
DPPOO21R
DPPOO21P
DXV0035P
DXVQO35R
DXVC035X
DXV(035¢C

e

Circuits

Insufficient Output
from Emergency Pump —ﬁlq

.

1

+ DOQRPEL4P.
DXVOP4OR.

Insufficient Output

Insufficier.t Qutput

from Emergercy Pump from Emergency
65 Loop Pump 64 Loop
OR OR
DIVOPs0? DXVOP41P
DCVOPI8P DCVOP3SC
DCYOP38R DXVOP4 21X
DCVOP38¢ DXYOP37C
DXVOP36C DXYQP37X
DXVOPLOZ DCYOP39R
DEVOPZ6Z DCVOP39P
DPMOOS 57 DPMOO64F
DCAOU.5% DCAGO64S
DCAGOESE DCAOO64B
DNSO0E 45 DMS0064S
DMSOOE 4F DMSO064P
DSWPNLAS DSWPNLAS
DCAOOE 1€ DCAPP61S
DCAOOE 2§ DCA0062S
DCAOOE6S DCA0O66S
DCACOE6E DCAOO66B
NCB3AZEE NCB3AJEB
NCB3AIEX NCB3A3EX
NCB3AZES NCB3A3ES
NBSMC3AF NBSMC3AF
FCNDUITI FCNJUIT1
FCTLENLE FCTLPNL1

Fig. A-8 Emergency flow system fault tree (contd.).’
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Faults in Loop B
Piping

0;
DMVOP] 1C
DMVOP11P
DPPOOCIR
DPPOOIOR
DCYOP16R
DPPOOCYIP
DPPOOIOP
DCVOP16P
DPPOOL1R
DCVOP29R
DCVOP29C
DCVOP16C
DHEOOG9P
DHEOOQ9R
DHEOO10P
DHEOOLOR
DHEQO11P
DHEOOL 1R
DMVOP12R
'DMVOP1OR
‘DMVOPO9R
DMVOP 28R
DMVOP26R
DMVOP25R
DMVOP11X
-DMVOP27C
DMVOP27X

ANZ-C-5873

=)

D13

InsufEictent. Emergency

FPlow to Loop B Piping

Faults in

Emergency Loop
Piping

DIVOP34C
DIVOP34X
DIVOP34R
DIVOP34P
DEP0020P
DEPOO20R

DXVOP4OR
DXVOP4IR
DX¥VOP36R
DXVOP37R
DFPOO21R
DFPQO21P °
DXV0035P
DXVOO3SR
DXV0035X
DXW0035C

1
Insufficient Output
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TABLE A-ITI1
LOSS OF EMERGENCY FLOW
PRIMARY FASLURE SECONDARY EVENT “0")*
EVENT FAILURE FAILURE FAULT ERROR E ol =] & a =z a § =
NAVE EVENT COUPONENT woDE RATE DJRATION | FacToR 3 BEEEBEE HHEBEEE Locarion REWARRS
REIMHEEHEE HEHHEEE
glsls) (12 z|E 2|8|8t 332|128 2
HEHHHEEHEHEBHHEHEHEREE
OPERATIONAL ERROR INADVERTENT 3 PIPE
DXV033X MANUAL VALVE P35 CLOSED 10 1 10 NNEL
' - 300 = T
DXVQ?40P MANUAL VALVE P40 PLUGGED 10 1 =2 - cubltie
. ’s ‘.
| DCVo?38P | CHECK VALVE P38 | PLUGGED 04 | 300 = cyb¥ife
-8 -3 PUMP
| DCVOP38R |  CHECK VALVE P38 10 120 10 2 CUBI&P
-4 ~q EMERC.
DCVOP38C CHECK VALVE P38 CLOSED 10 1 30 = c E
=2 AERGE
DXVOP36C MANUAL_VALVE P36 CLOSED 1074 1 3 - CUBICLE
i OPERATIONAL INADVERTENT 3 s EMERC.
| DxvapsOy |__crosen 10 1 100 ) cub¥iffe
OPERATIONAL ERROR INADVERTENT > =5 PIPE
DXVOP26X MANUAL VALVE P36 CLOSED 10° 1 100 -2 TUNNEL
EMEKG. NO = =S .
DPMOOG4F FUMP_64 QUTPUT 10 720 10 = cu
PUMP 64 SHORT TO - S ROLESS  |PEOTE POGRE THE |
DCADO64S POWER CABLE GRND . (OR P 10 720 10 [ 3 . | __SaME cowDuIT
o PUMP 66 _ 6 e .
DCACO64B POWER CABLE OPEN 10 720 10 PUMP RM.

i OGS -7 5 FROGESS BoTR SOMbe TN
DYS0064S EMFRG. PUMP CH (OR. PWR.)| 10 720 10 {3 rRO0H, SAME 3ANEL
D¥S0064B EMERG. PUMP C+l OPENS 1078 720 10 fm

g 5 PROCESS
DSWPULAS PUMP C TO 1 PNL A SHORTS 10 720 10 ROOM
CONTROL CABLE SHORT TO 5 PROCESS
DCAOO61S 61 GRND. 10 720 10 KQOM
CONTROL CABLE SHORT TO = FRE¥Y>®
DCA0062S 62 GRND. 10 720 10 ROOM
. POWER CABLE SHORT TO -7 s RS
DCAQO63S 63 GRND. 10 720 10 1 EL, LDG IN SAME CONDUIT
) ) POWER CABLE 6 FeeY -
DCAOQ63B 63 OPEN 10 720 10 ELEC. BLDJ
POWER CABLE SHORT T0 o 5 FROCEY TOREND £
| DCAQOEES 66 GRND., 20 720 0 |1 Mce-3a_ | TN SAMP CONDUIT
POWER CABLE 6 FROLZS
DCAOOE6B 66 OPEN 10 720 10 wcllaa
PUMP POWER CABLE SHORT TO ) PROCERS T
DCAOGESS 65 GRND. 10 720 10 p 1y
PUMP POWER CABLE 6 .
DCAQQSE 65 OPEN 10 720 10 PUMP_CUBICLE

*PNOBABILITV OF SECONDARY EVENT OCCURRING {UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT (LOWER NUMBER)
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TABLE A-III (contd.)

LOSS OF EMERGENCY FLOW

PRIMARY FAI“URE SECONDARY EVINT (IO")*
EVENT FAILURE FATLURE FAULT ERROF S o zlz| 2] =
NANE EVENT CCMPONENT e e DURATION | FaCTOR E NEEHEEE HEETHE LocaTIoN REMARKS
AEHHHEHHEEHBEIREEHEEHE
HENHEBEBEEHEHBHEEHEHEHEHBE
DISTRIBUTION PN1 -y 5 s 1 ELEC.
| NCBENFES | L | SHORT ‘0 220 10 11 1 5 BLDG
DISTRIBUTION PN1 6 "5 1 ELEC.
NCBPNFFB FF_CIRCUIT BREAKER OPEN M) 720 10 |71 "1 5 BLDG,
OPERATIONAL ERROR INADVERTENT 3 S5 5 A ELEC.
NCBPNFFX CK + BER FF QPEN -0 1 100 1 1 5 BLDG.
MCC-3A COMPT.3E ; 75 COMPRESSOR
NCB3AIES CK + BKR SHORT 20~ 720 10 2 BLDG.
: MCC-3A COMPT.3E 6 5 FOMPRESSOR
NCB3AIEB CK_+ BKR OPEN 0 220 210 2 BLLG.
OPERATIONAL ERROR 3 3 LOMPRESSOR
| NCB3IAIEX MGCC-3ACD_3E. QPEN -0° 1 100 2 BLDG.
3 5 FOMPRESSOR
NBSMC3IAF MCC-3A NQ POWEE 20- 720 10 2 BLDG.
5 "
DXVOP41P MANUAL VALVE P41 PLLUGED 078 1 300 2 ggEICLB
A 5
DCVOP39C CHECK VALVE P39 CLOSED 207 1 300 2 CEQ%LE
OPERATIONAL ERROR [NADVERTEMT 3 3 :
DXVOP41X MANUAL VALVE P41 CLOSED :0” 1 100 2 %’E&SLE
2 :
DXVOP37C MANUAL VALVE P37 CLOSED 2074 1 30 2 cﬁmu
OPERATIONAL ERROR [NADVERTENT -3 5 “PIMD
DXVQPIIX MANUAL,L VALVE P37 CLOSED ~0 1 100 "2 gﬂmw
= RS-
DCVOP3OR CHECK VALVE P39 08| 100 ¥ CUBICLE
< ;
CVOP PLUGGED 107 1 100 "> :g LE
EMERGENCY PUMP NO - 5 EEhHe -
| DPMOOESF 65 OLITRUT. 1w | o720 10 B 2 CUBICLE
DISTRIBUTION No 3 5 5 ELEC.
NBSO027F PANEL 348-27 R 10~ 1 10 1 1 BLDG.
. FIRE DUE TO SHORT -5 ’
FCNDUITT IN CONDUIT #) 10 1 10 /
FIRE IN EMERG. -5 PRICES
FCTLPNL1 PUMP C+1 PN1 ° 10 1 10  RoOM
MANUAL VALVE -8 PIPE
DXVOP31R P31 RUPTURE 10 720 10 TUNNEL
MANUAL VALVE - PIPE
DXVOP31P P31 PLUGGED 10 1 300 TUNNEL
PIPE
| DPPO0O20P PIPE 20 PLUGGED 10710} 529 300 TUNNEL
PIPE
DPPOO20R PIPE 20 RUPTURE 1071%) 720 300 TUNNEL

K PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER|)
PROBABILITY OF COMPONENT FAILURE GEVEN SECONDARY EVENT (LOWER NUMEER)
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TABLE A-TII (contd.)

LOSS OF EMERGENCY FLOW

PRIMARY FAILURE

seconoary event c10”%

| PLUGGED

EVENT FAILURE FAILURE FAULT ERROR “ ol o a | = § z
RAKE EVENT COMPONENT MODE RATE OURATION FACTOR é e E MBI clzlelz|s LOCATION REMARES
ol 2| =2l 215|332 HEIFEE
AR HEFMEFEEREEEBEHEHEE
HEHHBEBHHEHEBEOEHEBHEE
. -5 s PUMP
DPRFEL4P ORIFICE FE-14 PLUGGED 10 1 100 -2 CUBICLE !
= PURE =
. 5
DXVOPLOR MANUAL VALVE P40 RUPTURE 1078 720 10 =2 CUBICLE
"5 PUMP
DXVOP4LR MANUAL VALVE P41 RUPTURE 1078 720 10 =2 CUBICLE
_ s PUMP
DXVOP36R MANUAL VALVE P36 RUPTURE 10 8 720 10 "2 CUBICLE
. - I PUMP
DXVOP37R MANUAL VALVE P37 RUPTURE 1078 720 10 ) CUBICLE
; R 10 PIPE
DPPO021R PIPE 21 RUPTURE 10 720 300 TUNNEL
-10 PIPE
DPPCO21P PIPE 21 PLUGGED 10 720 300 TIENEL
MANUAL VALVE 4 PIPE
‘DXVCO35P P35 - PLUGGED 10° 1 200 Tg)ll;lgl.
DXVCO3SR MANUAL VALVE P35 RUPTURE 108 720 10 TUNNEL
PIPE
DXVCP34R _ MANUAL, VALVE P34 RUPTURE 1078 - 720 10 TUNNEL
: PIPE
DXVOP34P MeNUAL_VALVE P34 107 1 300, TUNNEL

¥ PROBABILITY OF SECONDARY EVENT OCCURRING (UPPER NUMBER)

PROBABILITY OF COMPONENT FAILURE GIVEN SECONDARY EVENT {LOWER NUMBER)




- (3) Data. Data used to quantify the emergency. flow system fault
model were obtained from Reference A-1.

5.3.3 Results. The emergency _flow system was analyzed using the SAMPLE
computer code in_the same manner explained in Section 5.1.3. The result for the median
probability value for failure of the emergency flow system to respond to a loss of flow
accident is 6'x 1073 Joperating cycle. The 90% range is from 2 x 1073 to 6 x 10'2/operating
cycle. B

The probability roported is the probability that the emergericy flow system is not
available when called upon following a loss of primary flow accident. The probability that
the system will fail to continue operating after accident initiation.is assumed to be unity or
that it will not fail after emergency flow is established. The significant contributors to the
1epurted probability were:

(1)  Closure or plugging of P35 manual valve.
(2) Fire in Conduit 1 or emergency pump panel.

(3) Open motor starter to emergency pumps.

(4) Shorts in emergency circuits.

6. EVENT SEQUENCE PROBABILITIES

The probability of occurrence of the three event sequences on the event tree, Figure
A-3, was found using the SAMPLE code. The code was used to calculate probabilities of
failure for combined fault trees. Therefore, any dependence between systems is taken into
account.

The probability of success is equal to nne minus the probability of failure. For the-
automatic safety system with a probability of failure of 6.2 x 10'6, the probabality of
success would be 0.9999938 or very close to unity. ‘I'he probability of success used in all
cases was, therefore, unity.

The following symbols atre used in the calculations for probabilities.

Success Failure
Loss of Primary Flow | PF
Automatic Reactor Shutdown P, P;
System
Emergency Flow System Pp : ‘PE
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Sequence one is the sequence of events that should happen following a loss of primary
flow accident. The automatic reactor shutdown system and the emergency flow system
function properly. The probability of §; occurring is equal to "

P-fo \:P Fxlxl F

as reported in Section 5.1.3, the medlan probability value of PR is 2 x 107 2/operatmg cycle,
and the 90% range is 7 x 107 3 tolx 107 /npera’nng cycle.

Sequence two is the sequcnce in which the automatic safely system functions
properly but the emergency flow system fails. To find this probability, the fault trees for
the loss of primary flow accident and failure of the emergency flow system were combined.
The comblned trees were analyzed with the SAMPLE code and the medlan probability value
is 8 x 107 /operatmg cycle. The 90% range is 1 x 104 to 2x 102 joperating cycle. This
probability cannot be found by

= Pf X PS X PE
because the emergency flow system is not independent of the primary system. Sequence
three results if the automatic reactor shutdown system fails. The emergency flow system is
not included because core melting will occur regardless of the emergency flow system
action. Manual actuation of the shutdown system is available to prevent this sequence from
occurring, but_has not been credited in this study. To determine the probability of S3, the
fault trees for loss of primary flow and the automatic safety system were combined and
analyzed with the SAMPLE code. Because of complete independence between the two
systems, the median value of probability can be found by combining the probability values
obtained by evaluating individual trees; that is:

P = PF X P—

but the range cannot be found without comblnmg the trees and using the SAMPLE code.
The resu1t7ant median probability value is 1 x 10° /operatlng cycle and the range is3x 10 8
to 9x 10°

7. CORE DAMAGE

Once sequence three, (S3).in Figure A-3, is shown to result in core meltmg, the
amount of core damage becomes important. The degree of core damage expected ‘under
given conditions can be obtained by use of a computer program designated RELAP4[A'3]
‘written in FORTRAN IV, that describes the behavior of water-cooled nucle_:ar reactors
during postulated accidents such as loss of coolant, loss .of flow, pump failure, or-power"
transients.

7.1  Model

" RELAP4 was used to,evéluate the ETR loss of flow accidents (with and without
emergency flow and witl} and without reactor scram).
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The reactor core was modeled as 20 volumes connected to upper and lower plenums
representing the reactor tank as shown in Figure A-9. The two plenums, Volumes 1 and 2,
were input as timed volumes with the inlet pressure held constant and the outlet pressure
increased to model the flow coastdown expected when two primary coolant pumps are
used. The flow coastdown expected with two pumps operating is shown in Table A-1V.

7.2 Geometric Description

Volumes, flow areas, elevations, and volume heiglits are necessary geometric input -
parameters to RELAP4. The volume geometries are described in Tables A-V and A-VI, and
the core section geometries are described in Table A-VIL. Junction data are listed in Tables
A-VIII and A-IX.

7.3 Heat Transfer

A heat conductor model is used to account for heat transfer to and from the fluid in
given volumes. The heat addition rate to the fluid is calculated as the product of the surface
flux and the heat transfer area at the conductor surface adjacent to the fluid. The bases for
the ETR hcat tranafer correlations are as follows.

7.3.1 Bases. RELAP4 has several correlations which are used in calculating heat
transfer rates to the coolant. The correlation used is dependent on the thermodynamics of
the coolant. The correlations and the applicable conditions are discussed in the RELAP4
manual[A'3

The user can choose the correlations to be used to calculate the critical heat flux and
subsequent film boiling heat transfer rates. For this analysis, the Savannah River
correlation! A4 was used to predict the critical heat flux, and the Dougall and Rohsenow
correlation[A-5] was used to predict the film boiling heat transfer rate.

For the core, a metal-water ratio of four was used to calculate the mass of metal. This
mass was incorporated adjacent to the core reflector volumes. The upper and lower plenums
used the vessel as a heat sink.

7.3.2 Slab Modelin8. In RELAP4 all heat generating or absorbing surfaces adjacent to
volumes are termed slabs. Slabs having internal heat generation capabilities (core slabs) are
a551gned additional properties. Characteristic properties are defined for slabs. Table A-VII
defines the volumes adjacent to the slabs and the charactenstlc properties defined for each
slab.

The geome«try‘i/alues listed in Table A-X were derived from the basic data listed on
system drawings. The core slab properties were derived from the data in Table A-XI. The
derivation of the heat generation values in Table A-XII was based on the power profiles
measured in the Engineering Test Reactor Critical (ETRC) Facility for the SLSF core at the
beginning of life. Table A-XII shows the makeup of each volume and the power
distributions in the elements and corresponding volumes. The vertical proﬁle was established
from vertical flux profiles measured in the ETRC.

90



bleleloeleele

ANC-A-5874

Fig. A-9 ETR core model for risk evaluation.

.91



TABLE A-1V

FLOW COASTDOWN EXFECTED WITH TWO PUMPS OPERATING

TIWE DEPENOENT TABLES FoR 2 VOLUNE3,

-+ : PRESSURE TEWPERATURE MU TURE

6

SET Num NIXTOHRE LEVEL
NUM  PT8 (SECI=LS) (»S1a) {DEG F) GUALLTY (FEET)
1 0, 2174500803 W 1370QNEDS ¢, 0 20000GC=+(3 (voL &)
20 s 20000LFE 00 o T1UVNECCS i31N00E-03 a, 0 9C0N0NME40]
e 3INIACF N0 «170200k DS «137000E«0Y 0, «9M0N0G> oY
¢SO0 CESIND o 1755%00L«03 137000k «03 0, « 9000002 9G]
JTODCACESND e V7RHOCELDT 0137000k «03 0, 900000240
0 90600CES00 o182000tL+n3 «1370006+0% 1, «9000002 61
J1SUINTESD] 21910008403 d1370N0ECGS b «9000002401
W2000NNT40) «19800N0E+D3 «137000E08 3, LLIT IR0 ‘
«25000CEeny ¢ 199600E4N S o 137000L«0 3, L LI LERY G
«3000NTH&0) 0 2NP2SN0kLe03 e137000E40T b 9000907 4C]
«350NNCESDY «20U500E+03 e13700NE40S R 2 9G0N00Z ¢ (Y
«4NN00MEeD] WA6HO0O0E eSS ¢137000€«03 2. W90000034(1
W SAGC0rEeny W2NRULNE+)Y e137000F«03 3, J90000C=¢CY
«b030N0CESOY S2UITNOEEDS o 3137000E40F 2, W9000002eC]
W TOONNCESOY 22107C0HECDS «137000E40§ s «900N00GEeCY
W800COCELODY «2112C0E+03 «137000E403 2 W9N0NNNZ LY
J10000CESCR «231800E«03 «137000E403 da 0900000z4C! !
«15000CK«02 «212U00Le03 ¢337000E+03 2, 2900000Z¢(}
«2h0N0CESD2 0213400Een3 «137000E40S 2 «900000:+C1
Wb0000CE®03 «213400E403 2137000E+03 D «9000002¢C1
2 0, «205500E¢03 o§10000E¢03 Ja +8260005¢¢C2 (vol- )
° X .
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TABLE A-V

CORE VOLUME GEOMETRY

VOLUME DATA ACTUALLY HEING USED,

vou
NUM

COINT VECUWN~-

2ePn
FRIC

[-N-N-% -] [- X . W-¥.- cococo0o0

ScodoCcaQ

(- X~ ]

FLO~ AREWL
(FTee2)

0 102406E+03
W41 2RN0ESL2
2 JBRNAQNEN]
i SHBIODEDY

¢ 3EB000E=01

W3RRGOQE~DT
e194N0DNESDD

W 19UN0NEL0OO-

«194nonEe00

s 155700E«00

s 155000E+00
«1557005400
«233000E+00
235000400
«233000E¢00

«J10N0CESON
+310000E+00
0272000k 00

.a@7200CE+00
«350000E+GO

e110400E+0}
2110000E001t

ERUIVALENT
DIA“ETER (FT)

«11U1BUESN
TRUITBEGNY
W 20000G0k0Y
2 2000NNEeN]
0200000E=01

L200000E"N]
W 2N0000E=01
$2N0PN0E=NY
s20N000F=DY

«PRO0NNE®DY
s PUNNNNFmNY
«20N900Emd
20NN00E=N]
«20000DEwNY

«200D00E=n]

,2N000N0 =Ny
W 200000Ea0]
o170000E=0Y
o170000Ewd}

+200000E=01
2200000801

LENGTH
{(F1)

e173262E402
¢ TOSYBRESOY
6701036400
JBI2UTUESGO
vB8324T4E+00

1 11BS6ECOL
e10UL2uteny
«106120EnY
cd0UL2dESNY
s103871E401

«103871E+01
«TVU3IBTIReOY
s JUSRA3ELNY
2103863E4+0)
o103KA3E40Y

«156129¢ 401
0156129k401
¢ 3113976401
«311397E+01
+310000E+01%

«312500E+01
«312500E¢04

L/2a
(FTerwl)

JBUbDNUKEeN]
W927796Ew01
WPEISILELDY
C1GT278E 402
W107278E402

JILULUUESOD2
ALY NIXTB

‘e2hh3506401

2bB3IK0ESDY
e 335G6REGNY

«33SNEAE40Y
W3850ARES01
s 222881F+01
W222RBIESDY
$222BR1E+0Y

v251821E401
W 251R21E401%
0572U21E¢0Y
57242184014
LUU2857E+01

«1U41331E+01
W1U1531E008

HORTZ, AREM
(FTasZ)

oTRGNUUESD2
35135302
¢3331333k 04
¢3BCUO00E=0Y
238CG00EQY

WH2CNGOE=NY
e197 8818400
W19Z3H1F+00
«197381E+00
o 1523483E¢00

+1513133€£400
o JS1538F+00
s C3CUTAE+QO
o230 NTHECOO
«23CUTHESOQD

o SO0B280E+N0
0 31C254E+00
sTESUTESOD
e27C3UTE+00
e 3UBBTSE0O0

«11C932E¢01
e11(932E+01

TEMPERATURE
(F)

$110000F+C3
,137000F 408
J185700E+03
o 159RGOE+03
2 129600E+03

W112400E+03
W179000¢¢03
W164706NES63
e115960E+03
«174600F+03

o13R000F 03
.HUZOOE +03
«171U4I0ESRS
o136000E403
«11350CE+03

2159100F¢n3
s12G110E+03
21350008403
o132000F403%
«130000E¢03

+115000E403
¢112000E+03

SATURATIUN
TE®P, (F)

+3BUNTIE«O3

e3h3647E403

0 371683E40)

e3T4d18E+D]

«377073E+03
!

«e379575€«03
o J3T216PESDS
e37S1S7E+03
«37861bE+03
«372148E+C3

¢375757¢03
«37BHIEESO3
 3721UEEeN]
+375757E403
+378816E403

o373062F 403
W3TATE5E403
.375757E403
«375757€+03
«375757€+03

e375757E+03
+375757€+03

VRS
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CORE VOLUME GEOMETRY

TABLE A-V1

VOLUKE DATAACTUALLY BEINE uSED,

VOL BUBL TIw
NUM INDX OEP

1 1
2 1
3 2
4 e
$ 2
[ 2
7 2
8 2
.9 2
10 2
i1 2
12 2
13 2
14 2
19 e
16 2
17 2
18 2
19 2
20 2
21 2
22 2

£

[- X - NN -] COoOO0OO0 D O0OQDO=N

[-X-N-N-N-1

(- -]

PRESSUIE
(PST4)

«205HNNENT
s1T050NF+03
«177)00E403
W iR$IN0ESOS

L VRIINOE+DD

e 1950CE+0S
«178300E+03
e 1H6I00E403
«193300E8+03
o1 THNOOESGS

dlROENBOEFDD
«193000ke0S
178300k +03
o 1BHI00EC03
«1939060E+03

TG 1R0ALNESDY

W 192100E+03
c1BBIONESNT
d1E6000E+0]
+1886300E+03

«166)00E+03
W186G0E+03

EMYHALPY

JTHS127E+02
c1055715403
C152101E+03
L120189E403
JO8C203EY0R2

LBOB792E402
JIUTUOLE403
L1084076403
JBIUBTUESL2
J102991F 03

+LO6UNKESOS

JB26695E P02

VoL b

(F

Tan$) -

W1A7L20E4CU
«X16200E+08
W2HNM0EmDY
W3E3C00Emn]
o 323CNNE=CR

LUIGCONFmO]

0 2C2CONE+D)

-~ ¢2C2CN0E+0)

$139789E+03

C10UG10ES0D
«B19713E402

¢11RUB3ECCY
+BRSSULIEYL2
s101LLUESOD
W 100UL6ESOD
sIBU20CEYDR

(B3UU9UECD2
<BOUSTOE®02

«2C2000E0)
W161C00E40D

WHIFICONE+0)
JIELCOOE+0)
L2L2CANE¢0)
W262000E40)
«2U2CO0E+0)

JUBUCOOESD)
JURUCONE$D)
JBLTCONE+0)
WBUTCO0E®Q)
s 16G8S00E+01

W3LS5C00E+0L
«345C00Ew0L

METGHT
(FT)

W226000F402
LRONONOE 40
,TH09008 400
AY0ND0E 0N
LASOG0NESOD

2 100NOCESOD
JI0SN0NESD}
«105000E+0}
¢ 10SG0NEwDY
o 105000E«0

2 105000F 0}
JINHNNNFeDY
JI0SNANE+0L
+JUSNOOF+0}
«105900F¢0¢

«356000E+0
«I1100NE#O
041100040}
e311000Le0Y

«J11000E+0}
e311000E~c}

MIAT i
LEVEL (FT1)

1 02600CF¢02
0 9000GNES0Y
«TANOONESOO
850000k 40N
«BSON00E+00

W T00000E400
«105000F¢0%
L 105000E+071
W 105000E401
v 16S000E+01

e 10SONNESDY
¢105000E+01
«105000E90)
0 10500NE+0)
¢105000E¢01

J157000F+01

e 156000E+01

+311000¢E*01Y
¢311000E¢01
e311000E¢01

¢311000E+01}
+311000E+01

ELFVATION
(FT)

«B816N00CEC02
06957060E+02
«TE526G0EC02
o 719270G0E¢02
+B010C0E02

JEr9300FeG2
e TR5200E+02
y7195%0CntEe0R
2 805B0CESL2
¢ 1RS200E¢02

2 795500802
JROSHOCESQ2
W TRSZNNECD2
W 19S50NE*02
+AOSROOE+D2

JTRG200E+02
WBO0T00ESC2
LTHG200E+02
CTHS200E02
+7BS200E+02

L TBS200E402
«7BS200E+02

S»



TABLE A-VII

CORE SECTION GEOMETRICS

DATA FUR 20 HEAT COMDLCTING SLABS,

8LAB L R GEOM STa LEFT SURFACE  RIGHT SUNFACE vuLu»é LEFY HYDRAULIC HIGHT HYGRAULIC “BJOR JUNCTIONS
NUM VOL VOL NUM M0 ARER, FTexQ AREB, FTwe2 FTwun} DIAMETER, FT NTAHETER, FF L IN L OuT R IN R QuUT

---.-»-....-.-...-i......-.--..--i...’..-..‘.-q.......-....-..‘..-..ﬂﬂ-.-._------.-.-.-...-.-.-....--_........-.....-..-...--.-

$6

L CRCLFT HEATED EO  RHMT HEATED EO  LEFT CHANNEL RIGHMT CHANNEL INIT FRACY OF MW,T, COEF
IND IND DIAMETER, FT  OIAMETER, FT  LEMGTH, FT LENGTH, FT HEAT REMOVED  BTU/H/F2/F

t 6 3 1 o o, (S10000E401  ,180000E=01 O, 0, 0 0 2 1
0 22 o, 0, 0, -0,

2 o4 1 v o0, 640000k ¢0 W220000E=01 0, 0. 0 0 3 2
n 22 o, 0, 0. 0,

3 0 S 1 1t o, L6UD000E+OY ,220000E=01 0, 0, 0 0 a 3
0 22 0, 0, 0, 0,

4 0 & 1 1 o, .510000E+01 ,180000€=01 O, 0, 0 0 5 4
0 22 0. 0,. o. °.

s o0 .Y y 0 o, JUDD000E#D2 «135000E+400 O, 0, 0 0 7 6
- 0 22 o, 0, 0, 0,

& 0 8 1 1 -0, WH4N0000E+DR «138000E¢00 0, 0. 0 0 8 7
o 22 o, 0, 0, 0,

7T 0% 1 10, ~ JUODOOOE+02  ,135000E400 0, .0, 0 0 9 8

0 22 o, 0, 0, 0, '

& 010 -1 o o (320000E402  ,108000E400 0, 0, 0 0 1t 10
0 22 o, 04 0, 0,

9 0-ty:.-1 1 0, +320000E402 +108000E+00 - 0, 0, 0 0 12 1
0 22 0, 0, 0, 0,

10 0 12 | 1 0, «320000E+02 J108000E®N0 0, 0,4 0 0 13 12
' 0 22 0, 0, 0. 0,

11 -0 13 4 0 o, LUBOCOOE+02 .162000€+00 - 0, 0, 0 0 18 14

0 22 0, 0, 0 0, ’
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TABLE A-VII (contd.)

| CORE SECTION GEOMETRICS

12
13
14

15

16

17

18

19

20

0,

0,
o,

0,

0,

.0,

04

0,

- 16

17
19

20

-22
24

26

ed

30

1S

16

.18
- 19

3

23
29
a7

29

0- 14 11 0, (4B0000ECD2  ,162000E400 0,
0 22 0, 0, © 04 0,
0 15 1 - 1 o, JUBOOOOE+02 ,162000E¢00 0,
0 22 00 0.‘ : 0. o.
0 16 t- 0 -0, 2920000€402 - ,32D000E+00 ' 0,
0 22 0, 0, T 0, 0,
0 17 t &t o, ,920000E+02 +320000E+00 O,
0 ¢2 0, 0, . . 0,
0 18 i 0 O +161000E+03 e560000E+00 0,
0 22 0, 0, 0, 0.
0 19 1 0 0, .161000E403 ,560000E¢00 0,
0 22 o, 0, 0. , 0,
0 20 1 It I 20000003 JBINDOCE#OY " - C,
0 22 0. o. » o. o'l
021 2 o o, «250000E¢G2 «133000E¢02 ©,
.0 0 o, 0, ‘ 0, 0,
o 22 ‘2 o o, TS0000EeC2 ,395000E¢02 o,
o o o, 0, - 0, 0,
AXIAL STACKS OF KEAT SLARS w ~ '
: ) 1 THROUGH L { DIMENSIONAL HEAT FTRANSFER -
S THROUGH 7 1 DIMENSIO™AL MEAT TRANSFER
8 THROUGH L& { DIMENSINNAL HEAT TRANSFER -
11 THROUGH 13 1 OIMENSIOvMAL KHEAT TRAMSFER
14 THROUGH 15 1 DIMENSIONAL WEAT TRANSFER
16 THROUGH 1l $ - DIMENSIONAL HEAT TRANSFER
17 THROUGH 17 { DIMENSIONAL HEAT TRANSFER
18 THROUGK 1B 1 DIMENSIONAL HEAT THANSFER
19 THROUGH 1@ { DIMENSIONAL MEAT TRANSFER
20 THROUGK 20 1 DIMENSIONAL HEAT TRANSFER
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TABLE A-VIII
JUNCTION DATA
JUNCTION OATA ACTUALLY BEING USED,
JUN FROM TN PP CHx InITIal JUNCTLION Junctiow JUHCTTON LELK
NUM  VOL  VOL LEax vALY FLM FLI'« AWEA ELEVATTOY NLA"E TER COLTRACTINN
FILL (LF/SEC) (FTaap) (F1) (FT) CCEFFICIET

1 3 2 0 n WBULNUOESNR «388N000E=nY «TBSSN0E$0R W 200NN0E=0Y s100000F 408
2 L] 3 0 0 JRLINOCECD? o IEBENN0EmOY W 19790GEXQR «2N0NANFwNY e 10VGOOF¢0Y
3 S 4 0 ) JHULONOE SN2 «3CANNIES0Y WBOYI0UESD2 «200NC0E=01 0100000k 90]
4 6 5 0 0 +RUINDOESNR «JEB000NE=QL «BNAUOLF N «2NONOOE=(y +10N000F+0Y
S 1 6 0 ] JBULOO0NESQR «388000E=01 eB162N0F 402 «20N00NEeN] ¢«100000Een]
6 7 2 0 e JU20500E€03 «19UNNCE+0O «78RS500Ee0D 2, 200000F«D] »100000E40}
7 8 7 0 o 4295C0E+03 2194n0GLe00 «795600F 402 «20N0D0FR=0Y «100000E20Y
8 9 8 ] 0 «U2NSN0ES03 «194000E+00 2B0S900E+0?2 W2G0CN0EwO] «3G0N0OEGOY
9 § 9 0 0 429500k 403 «1940GOE+ON WB16200E+02 W2GNNO0E=0Y W 10N000NF40Y
10 10 2 0 0 +3364C0E+N] «155%000E+00 «185500E402 2200N0NE=0Y «10N0000F 40}
11 1 10 0 0 «330UN0ECDS «155000E+00 2« 79560CE+D2 2000800k 0] «JON00VNESNY
12 12 11 0 0 W 536U0NECQY 0155000t 40N +BUSYO0ESND W 2N00CNE=GY 2 100000F¢0Y
13 H 12 0 0 o 3354U00L+N]3 01550008400 «B1A200E402 0 20NOCNE=D 100006840}
14 13 2 0 0 »S0UBOOESO] «23300NEs+n0 «785500F+02 +2NN000E=NY +INGONOEeNY
18 14 13 0 0 sSNCLOOED] «233000E+00 «795600E402 220 0000Em0OY «1000NCFeN]
16 15 14 0 0 JSCUAPNESDS «?53000E¢00 «BNSONCFE+02 W 2000N0E=GY «1000N00F+0Y
57 1 15 0 0 «S0UANOESOD 02530008400 JB1E6200E402 200000 wn] 0 100000E &0
18 16 2 0 0 WhT26N0E+03 +310000F+00 « 71855006402 2200000E=0} «1000G007+01
19 17 16 0 0 +6T72300E¢03 «310000E®0N «BOHBOOF402 «200000E=DY o 100000CESFDY
20 1 17 0 0 WOT2B00E®N} «310000EenD 2B16200NE+N2 «200ND00F =01 0100000£¢01
21 18 2 0 0 JSB8700F+03 «272000E400 LTRSSONE402 W2N0000Een] . L10ROCNESOD]
22 1 18 0 0 «SBATNVESOS «272000E400 16200k 002 W2NONAVE=D] «10C000%+0Y
23 19 F 0 o WSHRTGOESNS 2272000E400 - ,7ASSUGE$02 «170G000E=0] 01000006401
24 1 19 0 0 «9BRIVUE+O]Y 2T2000E400 . LH16200F+02 W 170000E=0Y . «10000CEeDY
25 20 2 0 Q 0 716140NE+03 e 350000E+GO o T85500E+02 s170000E=01 «100000E+40}
26 1 20 0 0 JTE1UB0E+03 «35C000E+n0 JA1B2N0E+N2 «170000ke01 e10000NESIY
27 21 2 0 0 «TLIIN0ESOD 2 110400ESDNY o 7TB550CE*N2 «200000Een] s100000E¢0Y
28 1 21 0 0 o743100E+03 «110400E+0! sB16200E402 2 200000E=0} +100000£¢01
e e 2 0 0 «7307C0E+03 «110400Ee0Y «785500E+02 «200000E=0} 2100000EDY
30 1 22 0 0 ¢730700E¢03 +110600E¢0O1 «816200E¢02 «200000E=01 +100000E¢0}




TABLE A-IX

JUNCTION DATA

JUNCTION DATA ACTUALLY REING USED,

86

JUN VERT CHOK  IC Mim JUNCTINN 3P, ENFRGY 8P ENERGY RESINIAL RESIDUAL . ENTHALPY TRaANS
NU¥  JUN elnf CALC ER, IVERTTA LUSS CUEF L0NSS CNEF, LO8S CokF, DELTa P (PSIA) :
INDX INUDX INDX - INDX {FORwaRD) (REVEFSE) (NDAO]R) . - INLEY OUTLET
1 0 . 3 )] dRT2R13E+O] «998121E¢00 «UUISTTESOC «TISHTLELOD N Y TLIXY T ~0 NGO
2 0 3! 3 o «193R31E40R 0, 0, e283711E4+00 SERELTY YN %0 NO
3 0 -1 3 0 21LS55E+02 0, 0, 1919ULE+00 157939404 NO oY)
aq 0 =1 3 0 $251422E+02 0, 0, X 210393 CES00 +AS1757E400 HO ND
S 0 =1 3 0 «1UU990E+DN2 o UUd9BR9EC00 0999282F¢0( «bd40b69SFe0} eS524753E000 NO NO
& 0 L3 3 0 «27TH38F40 Y 0990623E¢400 JUUTBBSESOC ANSESSELID0 ° ,6T7UAD3ESD] L] NO
7 0 -y 3 0 ¢5356720E401 . 0, W 2RT9LLEXOD 02377556401 ~0 NU
8 0 L3 3 0 W53HT2NE4 O 0, : 0, o 189203E400 e155:nuFeny NG ~O
9 0 -1 3 ¢ W 2THR20E$01 JH891UTERNO «996215E¢0¢ «JURUSEEFDD W 2RGAFEIESOY YY) NO
10 0 - 3 0 sJUUSUKESOY 0 992504E¢00 sUUB3ILOESOC ¢8038K3E400 6729368901 ng NO
i 0 -y 3 0 6731358401 0, 0, e 29022CE+00 f2UNOBSESO] ~NO ~0
12 0 -1 3 0 o6TN135E+01 0, 0, W1EGTTRESO00 J15hAN3EeNL - NO N
13 0 L3} -3 -0 «3U3528E¢n} JUU493I9E 400 W99B9TSESOC 358173400 2776922008 NO) (1)
14 0 -y 3 0 02321S9E+ny «9BBTUBES00 L 4uTABOLOC +B1373%E+00 8775795408 NG gy}
18 0 - 3 0 TWUUSTH2E401 o, 0, e296337E+00 e2U39K0F401 NO ND
16 0 - 3 0 CUUS762E40Y 0, _ 0, «19UB5FE+00 e1590216Feny ~U NO
17 (| - 3 0 2318U18401 JUURITBESND e 995U3UEENC W 3UBOALES00 w2BUSARESD] NO NO
18 0. =3 3 -0 @2b10D99E+0Y 0 985037E¢00 UUBB21E40C +BYRTIEF+00 e TUE2959F 4G NQ NO
19 (] -y 3 0 J503hU2ESDY o, 0,. JUK239GE 00 «JROAAKNESNL . NO NO
20 0 [ 3 3 0 0 260281¢E+01 JUUBLIBESQD e 9939354E+0C s 293RBCESO0 o 241520k N} N0 NO
21 0 -y 3 3 SB1H99ESNY sIRBBANESND WUUTINBSEFO] 1A062EE400 . L 18§957E¢01 N NO
22 0 -1 3 0 JOBOHALE+N] JHURBNSESND e 9UBISECNL ¢ SULUIFESOD WUULNSHFAESD] NO 1]
23 ¢ - 3 0 HE1AG0E+DY e IBREESE+QO JUUT035E40C WIUSIALESDO e 17639605408 NO )]
eu 0 i 3 0 +SROREIE+OL s UNBROSESND cVINAISESOC s 329RRLEH00 s2F9393E40} N0 NU
25 0 '3 3 0 2052135E+0C «983115E400 cUUB1IBSESNS 2 93UUISESOO o TTUR03E40L o] NO
26 ) -y 3 0 45131701 Ulhup2beng 0993170E4+0C e 3NTSUSEX00 0253734Ee0d ND NO
27 ° - 3 0 «150309E+04 947227400 CU37985E40C 221569ZE+02 e170SR1E402 NO NOD
- 28 0 -y 3 0 «169991E+01 UUS14BECOO 978554k +0C s2BY122E+02 e22R3SHEX02 ~0 NO
29 0 -y 3 0 s 1508009E+n W 94T7227E400 JU379565E¢00 0223657E+402 21706978402 NGO ~O
50 0 of 3 0 o 1U9991E+0 sHUS148EX0O 2 97TBSSUEYOC o299955Ev02 «229076E¢02 NO NO
PARAMFETERS IN JUNCTION MATRIX
NU“GBER OF CmaTNS (mS ) = S
NUMBRER OF Cwally JUNCTIUAS (NTR] ) = 11
NUMBER OF NONeCHAIN JUNCTIONS (MQ - ) 8 19
INOEX OF FIRST CRITICAL JUNCTION (MPP ) = 3
(NTOT1) & 30

TYOTAL NUMBER OF JUNCTIONE
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TABLE A-X

DATA VALUES FOR THREE HEAT CONDUCTOR GEOMETRIES

- DATA

GEOM
TYPE

GEOM

TYPE

GEOM

TYPE

FOR

REG
NG

2
3

REG.
NG

REG

NO

3 MEAT SLAB GEOMETRIES

Gap
IND

GAP
IND

G. A;e‘

InD

MAT
NG

1

1

2,

MAT
NO

nav
o

ND

4

1

1

NO

DX

HQ.
0x

X0 To Net  REGIpN WIDTH
04  ,833000E=03
1125060ke02-

«B33000Em=04

SUn OF POWER FRACTIONS

X0 10 nsi REGIUN WIDTH
SUM OF POWER FRACTIUNS

l ’ .
X0 10 Naf REGION WIOTH

+10.0000E+00 2800000E+00

POWER FRAC

W978M00E+00
2 220000Em01
0,
] «300000E+01

POWER FRaC

0 100000E¢0}
18 +100000E401
POWER FRAC

«100000E+01

8UM. OF POWER FRACTIONS

18 J100000E+0}
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TABLE A-XI

CORE GEOMETRY

Number of Volume  Fluid Flow Flow % of Total Sla> Metal Heat Transfer
RELAP4 Core Fuel Length  Volume Area Rate Réactor Volume Area
Volume Volume Elements (ft) (£t3) (£t2) (1lb/sec) Power (Et3) (£t2)

3 A | 1 0.€7 0.026 0.0388 84.1 0.49 0.018 5.1
4 2 1 0.83 0.325 0.0388 84.1 0.97 0.022 6.4
5 3 1 0.83 0.325 0.0388 84.1 0.98 0.022 6.4
6 4 1 0.77 0.030 0.0388 84.1 0.61 0.018 | 5.1
7 5 5 1.C5 0.202 '0.194 420.5 4.46 0.135 40
8 6 5 1.C5 0.202 0.194 420.5 5.95 0.135 40
9 7 5 1.C5 0.202 0.194 20.5 4.46 0.135 40

10 8 4 1.C5 0.161 0.155 336.4 3.42 0.108 32

11 9 4 1.C5 0.161 0.155 336.4 4.56 0.108 32

12 10 4 1.C5 0.161 0.155 336.4 3.42 0.108 32

13 11 6 1.C5 0.242 0.233 504.6 4.84 © 0.162 48

14 12 6 1.C5 0.242 0.233 504.6 6.45 0.162 48

15 13 - 6 1.G5 0.242 0.233 504.6 4.84 0.162 48

16 14 8 1.57 0.484 0.310 672.8 8.90 0.320 92

‘17 15 8 1.57 0.484 0.310 672.8 8.90 0.320 92

18 16 7 3.15 0.847 0.272 583.7 11.40 0.560 161

19 17 7 3.15 0.847 0.272 583.7 7.92 0.560 161

20 . 18 14 3.15 0.085 0.350 761.4 13.44 0.819 200
21 19 R, Full S —- - . 3.19 --- -

22 20 R Full — — —- 0.80 - —
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TABLE A-XII

CORE POWER DISTRIBUTIONS

OATA FOR 20 CORE SECTIONS,

CORE SLAB PRINT INITIAL CLAD
SECT NUM AT NUDES TvJCRIL8S

H 1 1 4 3 0,
2 2 ) 3 "y
3 3 1 2 3 "o,
4 [ 4 2 3 Co
5 ] ! 2 ¥ 0,
(] ] 1 2 3 LI
T 1 1 2 3 o«
] 8 1. 2 3 e
10 10 1 2 3 [
11 1t 1 2 3 n,
12 12 1 e 3 0.
13 13§ 2 3 . ¢,
14 4 1 2 3 o,
15 1§ 1 2 3 Oe
16 16 1 2 3 Ne
1r 17 b 2 3 .0,
18 18 1 2 3y o,
19 19 1 e 3 Uy
20 20 1 2 3 e,

SECTION PONER
FrRacTioe

L4002 0EeN2
2 970000Ee0Q
c9RNNLNE=N2
WH1NCONERND
WUUEDONEDY
595000k en]
WUUACGOERD]

W3u2009ke0y

SUSA0ONE N
e 3U2000E=0Y
WLBLOGLE®QOY
«HUS00NEmNY
JUBUNONEmDY
PINNONE=Q]
eB9CU00E=DY
W11400GCE+0D
2 792000E=0Y
s 13UUCOESOQ
+339000E=01
«B80C000EmQR

NO METAL WATER REACTION WILL BE CALCULATED

8UM OF POWER FRACTIONS & 1,0000000

PROMPT MOD
FRACT LI

WINCONCE=NY

"W 300000E=CY
«300000E=NY

J3NNOONEeN]
e 3NO0OCESD]
o30N000KeN)
«3000008=01
«SN000CE=0)
«30000NE=D1
«300000FK=01
2 300000E=G)
«3N0D00E=0Y
2 3N0ON0E=DY
+3000CNE=01
+300N0CE=OY
«J0000CE=01
«300000E=01}

DELAY wWOD
FRACTYen
W26 NNAESNG
W 2600N0F 00
WPHARNNAESGO
C2ALO00ESNQ
W2B0G00F$00
W2hO0COESND
W 260N00E 400
W 260N0NE4NQ
W 25007NE4N0
W260NNNESCO
W260000E$00
W2600D0NE+N0
$260000F+00
WPH0NNOESNN
2 260000F¢00
s260000E400
«260CN0E+00
02b60000E+00

2260000E+00

+260000E¢00




The fraction of the prompt energy deposited directly in the moderator was input as
0.03. The fraction of the delayed energy deposited directly in the moderator was input as
- 0.26. ' -

Metal-water reaction was not considered in the RELAP4 analysis. The fraction of the
energy produced in the fuel plate cladding was input as 0.022. The oxide thickness was
input as 1.0 mil. This oxide thickness represents a three-sigma standard deviation value for
deposition on elements operated in the most recent ETR cycle. '

7.4 Kinetics

The RELAP4 kinetics model has the capability for solving the kinetics equation
described in the manual, incorporating possible sources of reactivity feedback. The code
allows for input of any reactivity feedback source which may be significant.

The kinetics equation was solved for the ETR system using parameters defined in
Table A-XIII. A /2 value of 175 was used. The power calculation was based on one prompt
neutron group, six groups of delayed neutrons, and eleven delayed gamma emitters. A value
of 1.0 for the U-238 consumed per U-235 fission was used because the ETR fuel is highly
enriched. The fraction of total power released at the time of fission was assumed to be 0.93
with 0.07 released as delayed gamma emitters.

Feedback due to void formation and feedback due to expansion of the fuel plates
were considered. Water temperature feedback and the Doppler effect were considered
ms1gmflcant

To determine the reactivity effect of a reduction of moderator, void coefficients for
“each core volume were calculated from the core power distribution. These coefficients were
used to determine the reactivity feedback from vapor voiding in the fuel element as well as
feedback from displacement of the fuel plates due to increased temperature expansion.
Because displacement is directly related to the fuel plate temperature, that feedback was
input as reactivity per unit plate temperature change. Table A-XIV shows the calculated
values of the coefficients for both voiding and displacement for each core volume and the
method of calculation. The supplied void coefficients were based on data obtained at xenon
equilibrium conditions when the core power distribution is flattest. Consequently the
feedback will be conservative for a beginning of life power generation profile.

For calculation of the void feedback, the fraction of surface heat flux used to produce
vapor bubbles was assumed to be 0.05, and the vapor bubble lifetime was assumed to be
0.001 second. These values were recommended for use in both highly subcooled and slightly
subcooled flow in Reference A-6. The vertical profile used to determine void coefficients in
the volumes distributed axially within each set of elements was the same as the profiles used
for the heat generation values.
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TABLE A-XIII

REACTOR KINETICS PARAMETERS

€01

POAER BETA QVER INITTaL U=238 ATOUS CONSURED
TYPE LIFETINE REACTIVITY PER U235 ATUOM FISSIONED
2 W17S000ESNS 0, +100000€+01

FRACTION OF SURFACE WEAT FPLUX UTILIZED IN FRODUCING SUBCNHNLED VAPOR BURALES ® $,00000E«02
VAPOR BUBRALE LIFETIME (8£C) . s 1,00000E=03

§ PRAYPT ANy 6 DELAYED ~EUTRION GROUPS PLUS 11 DELAYED GAMMA EMITTERS
PRUMPT ENERGY FRACTINN » 0930 .

REACTIVITY OATA TAKLE 1

DATA TRIP TIvE REACTIVITY. TIME REACTIVITY TIME REACTIVITY
PT§  ID :
{ 2 T L100N00NEeOL O,

REACTIVITY CURVE vERSUS ANR~ALIZED OENSITY,

OATA NOR“ALTIZED REACTIVITY MORMALIZED REACTIVITY ~ NOKMALIZED REACTIVITY

pTS, VENSITY CUOLLBKS) DENSITY (OOLLAKS) DENSITY {OOLLARS)
2 %, . =, 100000E901 «100000E¢01 0,

DOPPLER ‘REACTIVITY CUKRVE,

OATA g TaL REACTEVITY METAL . REACTIVITY METAL  REACTIVITY
P18, THuPERATURE (coLLAKS) TEMRERATURE (OOLLARS) TEMPERATURE (DOLLARS)

.2 ‘ W6000CN0ELO2 0, «500000E404 O,
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TABLE A-XIII (contd.)

REACTOR KINETICS PARAMETERS

WATER DENSITY

REIGHTING
FACTOR

+B13000E=0)
+233700€400
, 2325006000
WOL3IN0E=D]
«B198NNELD0O

L14RNOTECD]

«B80T200Ee00
oBAINOCECUO
2 11970NEeny
oBS1CONESGO

-9 JU9000ESO0
¢172100L 904
09350 00E+00
W2LINCPESNY
2N 3N0EC0)

e255700F 01
e1UJI00ENGY
e183300E+01}

L]
Co

DOPPLER
.WEIGHTING
FACTUKR

RETAL TEMP,
COEFFICIENT
18706 F)

®,500000E=0b

»,140000E=0S.

», 1 un000F=05
w,56000E=06
®,51000NE=CS

»,920007F =08
«,500000E=0%
., 41 N00NE =05
“,74D00CENS
-, U4n000NE=0Y

®,590003E=0S
v, 10A003E=04
®,575000E=0S
e,130000L=00¢
v, 130000E=D4

*.1SH00DE=DU
*«,924000E=DS
=.114000E=0Y

0, .

0,

FATER TEWP,
COEFFICIENT
($/0EG P)

04
o,

—~—




TABLE A-XIV

FEEDBACK PARAMETERS

Voiding .
$/Fraction ($/Fraction Displacement
of Voidl[al of Void) ($/°F)

RELAP4 =  Core Volume at Xenon at Xenon "~ at Xenon
- Volume Volume Fraction Equilibrium . Equilibrium Equilibrium
'3 1 0.0046 17.666 0.0813 0.000109
4 2 0.0057 40.885 0.2330 0.000252 -

5 3 0.0057 40.703 - 0.2320 0.000251

6 4 0.0053 17.231 0.0913 0.000106

7 5 0.0355 23.083 0.8194 0.000243

8 6  0.0355 41.861 1.4860 - 0.000258

9 7 0.0355 22,738 0.8072 0.000140
10 8 0.0283 23.352 0.6610 0.000144
11 9 0.0283 42,348 1.1980 0.000261
12 10 0.0283 - 23.003 0.6510 0.000142
13 11 0.0426 22.278 0.9490 0.000138
14 12 - 0.0426 40.401 1.7210 0.000249
15 13 0.0426 21.945 0.9350 0.000135
16 14 0.0852 24,760 2.1100 ' 0.000153
17 15 0.0852 24.521 2.0930 0.000152
18 16 0.1490 17.162 2.5570 0.000106
19 17 0.1490 10.025 1.4940 0.000062
.‘20 18 0.1900 . 9.661 1.8360 0.000060
Voiding = (Volume Fraction) ($/Fraction of Void) 0,050

Displacement = (Fraction of Void/°F) ($/Fraction of Void) (Bfiig)

Coefficient of Thermal Expansion
14.2 x 107%/°F (68-572°F)

(0.050) _ _Width of the plate
0.115 Width of the channel

Fraction of Void/°F

[a] Void coefficients were based on data obtained at xenon equilibrium
conditions when the core power distribution is the flattest.
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7.5 Results

Due to instabilities in the RELAP4 code, the results could not be analytically
determined for the complete loss of flow with no reactor scram. However, for
purposes of subsequent calculations, 50% of the core was assumed to melt.

For the case with loss of flow and reactor scram, no core melting is expected.
The loss of flow incident does not postulate a break in the primary containment.
Thus, fission products released to the primary coolant are assumed ta leak to the
building commensurate with the maximum allowable system leakage of 75 gpm (a
conservative estimate).

With 50% of the core melting after complete loss of coolant flow, the amount of fluid
leakage to the containment building is determined as follows:

7.5.1 ETR Loss of Flow.

(1)  Assumptions.

(a) Reactor does not scram on low vessel delta pressure
(L)  Reactur does not sciam [owm lugl pressuie.
(c) Reactor does not scram from high surge tank level.

) - Estimated Sequence of Events.

Time (sec) Event
0 Complete loss of flow, reactor operation for 30 days.
25 Flow has coasted down to zero. Fuel plate temperature in

hot volume = 425°F. Reactor power = 44 MW.

26 Fuel plate insulates due to steam formation.
27 Fuel plate reaches melting temperature at hot spot.
30 Estimated 50% of core has reached melting temperature. Estimated-

reactor power is 20 MW,
(3) Assumption. 5OF rise in ETR system temperature results in a

25-psig rise in pressure. System volume is about 55,000 gallons
or 455,000 pounds.
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Coefficient of thermal expansion, §=0.418 x 103 per degree F.

- Rate of temperature rise = 150°F/hr.

Rate of volumetric rise = 461 ft3/hr; this is 3,448.5 gal/hr or |
57.5 gpm,

Therefore, liquid release rate to the containment=57.5 gpm, which is well within the
permissible leakage limit of 75 gpm. '

Since the reactor can operate with 75 gpm leakage, the assumption can be made that
all fluid is leaked to the containment at a rate of 75 gpm, with a source equivalent to 50%
core melting. :

8. CONSEQUENCES

Although 50% of the ETR core has been assumed to melt, the fission product release
from the primary containment is rather tenuous because of the tortuous path the fission
products must take before release occurs. With the integrity of the primary containment
remaining intact except for the ruptured relief valves, fission products are entrained in the
primary coolant which has been assumed to leak into the reactor pipe tunnel at a rate of 75
gpm. Since the reactor coolant system (RCS) has been depressurized, the leak continues as
water (instead of steam) at the 75 gpm rate at which water is being added to the core.

The solids portion ol the [ission-product inventory will remain in the water,
thus posing no potential for offsite exposure. The noble fission gas inventory,
contained in 50% of the core, is pessimistically assumed to be contained in the first
4,500 gallons which will leak during the first hour. Actually, more realistic behavior -
of the noble fission gases would be to evolve from the water within the primary

containment system and thus largely be contained within this containment. Of the

50% core halogen inventory, half of that present is assumed to evolve from the
primary coolant as it is released from the RCS. For all the fission products released
from the RCS, credit for no holdup or scavenging is assumed for the pipe tunnel or
heat exchanger building. Thus, the leak rate of the released fission products to the
atmosphere is 0.0139%/sec for the noble fission gases and 0.069%/sec for the
halogens and is assumed to continue for a period of one hour. Under the most .
probable circumstances, the fission products would be exhausted out of the pipe
tunnel to the heat exchanger building, then out the stack.

‘Once the material has been released from the stack top, resulting radiological doses to

offsite individuals are determined probabilistically. The location of an individual is a factor
in- the determination of his radiological dose with his distance and direction from the release
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point being important considerations. The meteorological weather regime (inversion or
lapse) and the wind speed that persists at that time of release are also factors that determine
the radiological dose.

‘The nearest site boundary (where an individual may be located potentially) is
approximately 1.12 x 104 meters distant from the Test Reactor Area (TRA) at a direction
west-northwest of TRA. The nearest population center to TRA is Arco, Idaho, which is 13°
north of west and lies about 2.74 x 10% meters distant. Probability of lapse and inversion
weather conditions exisling al TRA, based on an annual basis, are 52.1 and 47.9%
respectively. With the wind speed residing in the denominator of the diffusion equation, the
resulting radiological doses are inversely proportional to the wind speed. Figures A-10 and
A-11 show how diffusion calculations depend on both the direction and speed of the wind.
Although these wind roses are based on data taken at Central Facilities Area (CFA), they are
applicable to TRA, which is only 4.1 miles distant from CFA. The directions indicated on
the wind roses are the directions from which the wind is blowing, that is, a north wind is
blowing from north to south.

In summary, thé consequence probabilities are multiplied together to obtain the
overall probability that an individual at some location will receive a radiological exposure.
This probability has been obtained for illustration purposes for an individual at Arco, Idaho.

-

Probability for lapse condition = 0.52
Probability for wind direction =~ = 0.0125
Probability for 6 m/sec wind speed = 0.5
Overall probability = 0.00325

The radiological consequences for this downwind position (at Arco) are summarized
in Tables A-XV through A-XVIII. The calculated thyroid inhalation dose is 2.13 rem and
the cloud « whole body dosc is 9.3 x 10'3 rem. The cloud + doscs reported here arc thosc
calculated by the semi-infinite cloud model.

These results were obtained with use of RSAC—2[AT7] a computer program capable of
determining radiological hazards resulting from a reactor system accident. The program
generates a fission product inventory from a given set of reactor operating conditions, and
then computes the various gamma dosages and ingestion parameters specific to the facility
location and environmental condition.

9. RISK RESULTS

Risk, the chance of injury, has been defined mathematically as follows:

Risk = (accident probability)(accident consequence),
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TABLE A-XV
DATA INPUT TO RSAC-2

(RSAC~2/03/26/T74/C.R.HENZELY) RADIOLOGICAL SAFETY ANALYSIS COMPUTER PROGRAM (RSAC-2) DATE 06)20/75

ETR RISK ANALYSIS ( LAPSE WEATHER CONDITICN ) . PAGE 1
CHAIN CATA INPUT IS FROM DATA SET 56555

*x&CURTE CALCLLATICN

THE REAC‘OR HAS OPFRATED AT 1.75CE 08 WAT gR 2. 59%% 0? SECONDS

TS _F
WATTS TO FISSIONS/SECOND CONVERSIOM FACTOR = 3.1
REACTOR HAS BEEN SHUT DOWN FCR 1.000E 00 SECONDS
FRACIIOVAI[ON BY ELEMENT GROUP -— PERCEN ’
SoL ICS 0.0 OGENS = | Z.SOOE 01 NOBLE GASES = 5.0C0E Ol CESIUM = 0.0

TOTAL FISSICN PRODUCT RELEASE = 2.360F 18 D/SEC OR 6.380E 07 CURIES
2##METEURULOGICAL DATA

(V]| 6.000E 00 (M/SEC) Wl = 1.S00E 00 W2 = 1.500€E 00 3 1.500E 00
STACK HE[GHI = 7.600E 01 (M) INVERSION HEIGHT = 0.0 (M) uusuo T.FACTOR = 0.0
DOWNWIND DISTANCES -~ METERS )
C.0 1.129E 04 2.740E 04
THERE IS 1 SET OF EXPCONENTIALS (K, P)
.2.T78E-04 0.0
PASQUILL CLASS B METECROLCGY, MARKEE SIGY(S), MARKEE SIGZ(S) |
BUILDING WIDTH =. 1.00CF cc (M) BUILDING HEIGHT = 1.000E 00 (M) DILUTION FACTOR = 1.000€ 00
SIGY AND SIGZ(S) -- METERS
1.519E G3 2.651E 03 3.362€ 03 5.851€ 03
CY AND CZ(S) '
1.973€ 0C 3.443E Q0 2.232E Q0 3.886E 00
*o8DECAY CALCLLATICN -~ CURIES
CHAIN 1 MASS NUMBER 3 . !
NUCLICE PERCENT SION YIELD DECAY CONST (SEC-1) HALF LIFE GAMMA ENERGY (MEV/DIS)
1 H- 3 8.800E-03 1.791€-09 1.226E 01 YRS 0.0
TIME (SEC) H- 3
0.0 3.01€ 01
1.8¢7€ €3 3.01€ Q1
4.567E 03 3.01E 01
CHAIN 2 MASS NUNBER 72 ‘ . _ ,
v NUCLIDE PERCENT FISSION YIELD DECAY CONST (SEC-1) HALF LIFE -~ GAMMA ENERGY (MEV/DIS)
1 2N~ 72 1.600E~05. . 4.140E~-06 4.650E Q01 HRS 9.100E-01
2 GA- T2 0.0 1.365€E-05 1.410E 0l HRS 2.700E 00
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TABLE A-XVI ' : .
THYROID INHALATION Di*SE WITH
LAPSE WEATHER CONDITIONS

(RSAC-2/03/26/T74/D.R.WENZEL) RADIGLOGICAL SAFETY ANALYSIS CCMPUTER PROGRAM (RSAC-2) DATE 06720/75
ETR RISK BANALYSIS LAPSE WEATHER CONOITION ) PAGE 21
NLCLIDE PERCENT FISSICN YIELD DECAY coNsr (SEC-1) HALF LLFE GAMMA ENERGY (MEV/DIS)
EU-159 1.05CE-C3 417E-0O% 1.800E 01 HIN - 0.0 /
2 CGC-159 0.0 l.quE-OS 1.8C0E 0L HRS 4.600E-Q1
TIME (SEC) EU-159 GD-159
0 0.0 C. 0
1.867E 03 0.0 6.0
4,567 C3 0.0 0.0
TCTAL FP1 VS TIME (TIME, FPI)
c.C 6.38BE 07 1.867€ 03 2.94E 07 4.557E €2 2.53E 07
TOVTAL FPI BY GROUP =- CURIES )
TIME (SEC) SOLIDS HALOGENS MOBLE GASES CESIUM
c.C 0.0 1.94€E 07 A4c 07 0.0
1.67€ €3 1.95E 06 9.51E 06 1.9 07
1.04E C6 4.57€ 03 2.04E 06 8.203 06
1.47E 07 S.86E 05
SUMMATION QF FPI BY ELEMENT
SUMMAT ION OF ISOTOPES C (TIME, FPI)
1.469€E O7 1.87€ C3
SUMMATICN CF ISCTCPES*#4 (TIME, FPI)
7.805E 06 . ,
s [NHALATICN CALCULATICN (ICRP II MODEL FCR SOLUBLE NUCLICES) 4
BREATHING RATE = 3,470E-04 (CU M/3EC) INHALATION TIME = 3.600E 03 (SECI MULTIPLIER = 1.000E 00
DOWNWIND OISTANCE = 1.120E 04 (M) TIME = 1.867= 23 {SEC) CHI/ZQ = 1.317E-08 (SEC/CU M)
THYROIO DOSE FOR EACKF 1 ISCTGPE (ATOMIC WO S3)
ISDTOPE CHAIN DCSE (REM)
I - 129 60 3.68E-09
. [ - 129 61 2.E9E-08
[ - 131 . 63 5.47€ 00
I - 131 64 9.5%6E-01
[ - 132 65 6.18E-02
[ - 133 &b 2.Z0E 00
1 - 1323 67 1«35 00
I - 134 68 1.£2E-02
[ - 135 69 1.420E-01
1 - 135 70 3.T7E-01

. THYROID INFALATICN CCSE FOR ALL I [ISOTOPES (ATGOMIC NO 53) IS5 1.0574E 0Ol (REM)},
TOTAL THYROID INHALATION DOSE = 1.0574E Ol (REWM) }
DCWNWIND CISTANCE = 2.740E 04 (M) TIME = 4.563ic 03 (SEC) CHI/Q = 2.497E-09 (SEC/CU M)

o ~ 7Y - L L
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TABLE A-XVI (contd.)

2

THYROID INHALATION DOSE WITH

LAPSE WEATHER CONDITIONS

(RSAC-2/03/26/74/D.R.WENZEL) RADIOLOGICAL SAFETY ANALYSIS CCMPUTER PROGRAM 1RSAC-2)

ETR RISK ANALYSIS ( LAPSE WEATHER CCONDITICON )
THYROID DOSE FOR EACH I
SOTOPE CHAIN
I - 129 60
1 - 129 61
I - 131 63
I - 131 64
I - 132 65
I - 133 66
1 - 133 67
I - 134 68
I - 135 69
I - 135 70

THYROID INHALATICN DOSE FOR ALL [ ISOTOPES (ATOMIC NO 53) IS

~ TOTAL THYROID INHALATION DOSE = 2.1321€ Q0 (REM)

$**GAVMA CCSE CALCULATICN WITE EXPOSURE TIME = 33,6000 03 (SEC)

OONNHINDngSfANCE = 1.12CE C4 (M) DOSE = 9.11E-02

DCWAWINC CISTANCE = 2.T40E 04 (M) DOSE = 3.33€ 01

$+3GAMMA DOSE CALCULATION WITH EXPCSURE TIME = 000E 03 (SEC)
CALCULAT IONS MADE USING CNLY THE SEMI- INFINITE MODE

DOWNWIND DISTANCE = 1.120E 04 (M) DCSE = 5.85€-02

CCWNW.INC cxsrANce = 2,740E 04 (M) DOSE = 9.326-03
“EXECUTICN TINME = 1.717414E 02

I
DC

D EEEEEEE e

. ;JN.-N&-'-u-v-Ulqu’
’er P NHOO~O O
VNO OO NN =0

(REM)
(REM)

(REM)
(REM)

ATOMIC NO S3)

DATE 06/20/75

2.1321E 00 (REM)
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TABLE A-XVII
INPUT DATA TO RSAC-2

(RSAC-2/C2/26/74/D.R.WENZEL] RADIOLCGICAL SAFETY ANALYSIS CCHPUTER PROGIAM (RSAC-2: DATE 06/19/75
1

ETR RISK ANALYSIS [INVERSICN WEATHER E€ONCITION) . PAGE
CHAIN DATA INPUT IS FRCM CATZ SET 55555
***CURIE CALCULATION

THE PEACTCR HAS CPERATED AT 1.7
ATTS TC FISSICNS/SECCNC CC

REACTCR HAS' BEEN SHUT DOWN FCR 1.COCE 00 SECCNDS
FRACTICNATICN BY ELEMENT GROUP -~ PERCEN
SOLID

08 WATTS FOR' 2. 2 & SECONCS
)  F 10 -

S = C.C LDSENS = z.sooe 01 NOBLE GASES = S5.000F Ol CESIUM = 0.0
TCTAL FISSION PRODUCT RELEASE = 2.360E 18 DSSEC OR 6.380¢ 07 ZURIES
2%« VETECRCLCGICAL CATA
UBAR = 2, COCE co (M/SEC) %Wl = 1.500E 00 w2 = 1.300E 20 W3 = 1.500E 00
STACK FEIGFT . «600E D1 (M) INVERSION HEIGHT = 3.000E 02 (M} WASHOUT FACTOR = 0.0
DCWNWINC CISTANCES -- MZITERS
0.0 1.120:-C4 2.740E 04
THERE [$ 1 SET OF EXPCHENTIALS (K, P)
2.118E-04 3.0
PASQUILL CLASS H METEORILOGY. MARKEE SIGY(S), MARKEE SI6ZIS)
BUILDING WIDTH = 1.000E 00 [VN) BUILCING HZIGHT = 1.3000E 00 (M)  DILLTIQN FACTOR = 1.000E 00
SIGY AND sxczts» -- METERS .
1.273€ ¢2 1.4C98 01 2.352E 03 1.85C5 01
€Y ANE CZ2($) ‘
~ 1. 6S4E CC 1.8325-02 1.562€ 00 1.229:-02
#24CECAY CALCULATION -- CURTES ‘
CHAIN )1  MASS NUMBER 3 _ .
NUCLIDE PERCENT FISSION YIELD DE.AY consr {S3ES-1} HALF LIFE GAMMA ENERGY (MEV/DIS)
1 K- 3 8.80JE-C3 1.791€-03 1.226E D1 YRS 0.0
TINE (SEC) H- 37
<0 .ClE 01
5.600F 03 3.G1E 01
<370E 04 .C1E 01
CHAIN 2 MASS NUMBER 72
NUCLIDE _ - PERCENT FISSTON YI1ELD DECAY CONST (SEC=1} HALF LIFE GAMMA ENERGY (VEV/DIS)
1 IN- 72 1.600E-05 4.140E-08 “ 4,650€ 01 HRS 100E-01
2 GA- 72 c.C 1.365E-05 1.410E 0! HRS 7ooe 00
' 2
- ~y ‘ts G -» s
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TABLE A-XVIII

THYROID INHALATION DOSE WITH INVERSION WEATHER CONDITIONS

(RSAC-2/03/26/74/D.R.WENZEL)

RADIOLOGICAL SAFETY ANALYSIS CGMPUTER PROGRAM

ETR RISK ANALYSIS (INVERSION WEATHER CONDITION)
NUCLIDE PERCENT FISSIGN YTELC CECAY CONST_(SEC-1) HALE LIF
1 EU-159 1. C5CE-03 41TE-04 1.800E 01
2 GD-159 0.0 ;.0695-05 1.800E C1
TIME (SEC). EU-159 GD-159
0.0 0.0 G. 0
5.600E 03 0.0 0.0
1.37CE C4 0.0 0.0 4
TCTAL FPT VS TIME (TIME, FPIL)
c 6.38E 07 5.600E 03 2.41€ 07 1.370€E 04 1.88E
TOTAL _FPI BY GROLP == CURIES
TIME (SEC) sOL 10§ HALDGENS NOBLE GASES CESIUM
c.C ‘ 0.0 1.94€ 07 4.44E°CT 0.0
5.€CE C3 1.95E €6 .58E 06 1.42E 07
4.26E €5 1-37E C4 L15E 06 5.70E 06
1.19€ 07 2.52E 04
SUMMATION OF FPI BY ELEMENT
“* U SYUPMATION OF = ISOTOPES. C_(FIME, FPI)
1.469E 07 5.60E 03 -
SUMMATECN OF  ISCTCPES##% (TIME, FPI)
*" 5.633E 06 :

tt#lNHALAllCh CALCULATICN (ICRP. I MODEL FCR SCLUBLE NUCLICES)

BREATHING RATE =
DOWNWIND DISTANCE =

THYROID
TCTAL THYROID
DCWNWING CISTANCE =

3.470E-04 (CU M/SEC)

1.120E 04 (M)

-
-T
{0 O T IO O A T I I 7, 4

e P9t . g Bt Pt e e P g

INHALATICN OCLE FOR ALL

INHALATION DOSE =
2.T40E 04 (M)

O»

_INHALATION TIME = 3.600F 03 (SEC
TIME = 5.600E 03 (SEC)
0ID DOSE FOR EACH I ISCTOPE- (ATOMIC
TOPE CHALN DCSE (REM) :
129 60 1.296-12
129 61 9.59E-12
131 63 1.81£-03
131 64 316E-04
132 65 1.50E~05
133 €6 7-06E-04
133 67 4.33E-04
134 68 2.06E-06
135 69 4.16E-05
135 70 1.-12E~0%
I ISOTOPES (ATOMIC NO 53) IS
3.4370E-03 (REM)

TIME = 1.370E 04 (SEC)

(RSAC-2)

DATE 06/19/75

PAGE 2
GAMMA ENERGY (MEV/DTS)

€
MIN .
HRS 4.600E-01
o7
|
Y MULT IPLIER = 1.000E 00
CHI/Q = 4.372é'12 (SEC/CU M)
NO S3)

3.4370E-03 (REM)

CHI/Q =

7.974E=10 (SEC/CU M)
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.. TABLE A-XVIII (contd.)

THYROID INHALATION DOSE WITH INVERVSION WEATHER CCNDITIONS

(RSAC-2/03/26/74/C R MWENZEL) ADIOLOGICAL SAFETY ANALYSIS COMPUTER PROGRAM (RSAC-2) ' DATE 06/19/75
ETR RISK ANALYSIS (INVERSICN REATHER CCNCITION) PAGE 3
THYROID DCSE_FOR EACH I _ISCTOPE (ATOMIC NG 53)
1SOTOPE CHAIN DISE (REM)
1 =129 60 2.35E-10
1 - 129 61 1:756-09
I - 131 63 3.28E-01
1 - 131 64 5.¥2E~02
1 -132 65 1.38E-03
1 - 133 €6 1.29€-01
1 - 133 61 7.326-02
I - 134 68 5.3%E-05
1 - 135 69 52€2€-03
_ I - 135 70 1. E36~02
THYRUID INHALZTICN DGSE FCR ALL 1 ISOTOPES (ATUMIC

- NO 53) IS 6.0127E-01 (REM)
TCTAL THYROIC INHALATION DOSE = 6.0127E-01 (REM! )

*%0GAMNA DCSE CALCULATION WITH EXPLSURE TIME = 3,6000E 03 (SEC) '
OCWNWIND DISTANCE = 1.12CE C4 LH) DGSE = 2.47€ 0D (REM)
DOWNKIND DISTANCE = 2.7¢0E 04 (M) COSE = 8.79E-01 IREM)

EXECUTION TIME = 6.74419LE Cl

o
ce
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. Risk is, therefore, the probability o‘f;the-acéidcnt occurring, times the pgobabﬂilty. of .

the released material reaching a given population, times the doses in rems that will reach the
given population. -

Y

The information needed for this calculation has been given earlier in the report and is

collected here for an example risk calculation. The probability of the accident occurring for
the three event sequences was presented in Section 6. The consequences are discussed in
Section 8.

The event tree earlier“shown in Figure A-4 is repeated in Figure A-12 with tabulated

values for the risk calculation. The risk for Sequences 1 and 2 (S; and S5) is 0 ‘because a
radioactivity release will not occur. A risk for S3 has been calculated for the nearest
population zone which is Arco, Idaho, at a distance of 2.74 x 104 meters from the ETR.
The release for the lapse weather condition, 2.13 rems (from Table A-XVI), is used in the
cdlculalion. The hazard probability of 3.25x 10‘3, tabulated in Section 8, denotes the
probability of the released radioactivity reaching Arco. '

The resultant probability of a radioactive exposure of 2.13 rem to the populace of

Arco, Idaho, resulting from a loss of flow accident at the ETR during lapse weather
conditions is 3.25 x 1071 /operatmg cycle. When the exposure and the probability are
. multiplied together, the.risk becomes 6.9 x . 10'1 :

A-3.

A4,

A-T.
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Hazard
Frejuency Probability '
Loss of Automatic Pro>abiity | 1, yeavest
Primary Reactor - Emergency Event Per Population | Corsequence]’
Flow Shutdown Flow Sequence Operation Zone [a] {rem) Risk
1-P ' -2 :
3 2x1
1_P2 -< : Sl x 1G 0 0 0
s 8 x 1074 0 9 0
) SR P 2
1 5 3
s 1x 107 |3.25 x 1073 2.13 6.9 x 10710
P 3 '
.2
[a] Arco, Idaho 2.74 x 104 neters (17 miles) .  anc-a-serr
Fig. A-12 Risk summary for ETR loss o~ flow event,
. R /¢'
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APPENDIX B

DIFFERENCES BETWEEN TEST REACTORS AND COMMERCIAL NUCLEAR PLANTS .

During the course of this study a few differences were observed between test reactors
and the large commercial nuclear power plants pertinent to risk assessment that are worthy
? , of mention. These important differences are summarized-as follows:

(1) Because of the relatively long opera.ting cycle (dictated by
refueling requirements), the ‘commercial power plant designs
provide for on-line testing of most components associated with
engineered safety features. Test reactors, for the most part, do
not have provisions for on-line tests. Instead, most test and
maintcnance activities are performed for the test, reactors before
each experiment (while the reactor is shut down). Thus, test
outages can influence system unavailabilities for the commercial
power plant; they are not so significant with test reactors.

(2) Test reactors are subject to more frequent startups and shut-
-downs; “therefore, components characterized ‘by cyclic failure
‘rates are more likely to fail in a given time frame.

Y (3) Test reactor operations are less routine due to the variety -of
experimental test programs encountered, thus more .operational
3 attention is required in the control and surveillance of the plant.

~—
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